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 Preface
                       
Th e study addresses a clinical problem in relation to mandibular 
reconstruction. Th e existing methods, including the use of 
microvascular bone and soft  tissue graft s, although quite satisfactory 
in terms of reconstruction, give rise to considerable morbidity to the 
patients and are time consuming and, therefore, less suitable for the 
older, oft en medically compromised patient. Th is has led to the idea 
to “translate” the concept of the modular endoprosthesis, as used in 
orthopaedic surgery, to maxillofacial surgery and particularly for the 
reconstruction of the mandible.
Th e aim of this project was to evaluate the feasibility of using this 
device in two types of mandibular defects: one involving the body of 
the mandible and another involving the condyle, ascending ramus 
and angle of the mandible, in a primate animal model. Th e modular 
endoprostheses were made by Biomet Microfi xation, Florida, USA.
Two clinicians from the Department of Oral and Maxillofacial 
Surgery, National Dental Centre, Singapore, carried out the primate 
surgery in Singapore. Dr Shermin Lee undertook the evaluation when 
the modular endoprosthesis was placed in the defect involving the 
body of the mandible. Dr Bee Tin Goh did the evaluation when the 
modular endoprosthesis was placed in the defect involving the condyle, 
ascending ramus and angle of the mandible. Th e specimens were 
sent to the Department of Biomaterials of the Radboud University of 
Nijmegen, Th e Netherlands for histologic and micro-CT preparations 
and analyses.
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Chapter 1
Introduction and study objectives
Bee Tin Goh & Shermin Lee
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Mandibular defects may result from trauma, infl ammatory disease 
and benign or malignant tumours. Surgeons have been trying to 
reconstruct mandibles for more than a century. Despite the enormous 
progress made over particularly the last 40 years, the ideal solution has 
not yet been achieved. Th e ideal reconstruction would obviously imply 
an anatomical replacement of the mandible with suffi  cient height 
and adequate muscle attachments as to allow for normal function. 
Th ere should also be a possibility for implant insertion to allow for 
rehabilitation of occlusion and articulation, whereas the function of 
the inferior alveolar nerve should be restored as well.  
Current reconstruction methods for the mandible include the use 
of reconstruction plates that follow the contour of the mandible, 
autogenous bone graft s (either as block graft s or particulate graft s 
contained in mesh trays) and microvascular free fl aps. Autogenous 
bone is oft en used and may be harvested from various sites but 
most commonly from the anterior or posterior iliac crest or fi bula. 
Th e disadvantages of existing methods are donor site morbidity and 
the risk of infection resulting in bone graft  failure. Time is required 
to allow optimal bone healing and patients have to wait for several 
months before prosthetic rehabilitation of occlusion and articulation 
can begin. Even aft er successful bone graft ing, one oft en fi nds that the 
insertion of dental implants for prosthetic rehabilitation is not possible 
due to inadequate bone height and/or width of the donor bone or the 
presence of bone resorption. In such situations, additional procedures 
will be needed to further augment the bone.  
Th e current gold standard for mandibular reconstruction is a 
vascularized fi bula graft , oft en with a soft  tissue pad 1, which has a 
reputation of being versatile and quite reliable. Even this mode 
of reconstruction, however, has limitations in terms of aesthetic 
and functional results. Microvascular free fl ap surgery is also 
time-consuming and is associated with varying degrees of donor 
site morbidity. In recent years, new techniques for mandibular 
reconstruction have been tested, with the common aim of eliminating 
the need for harvesting bone from a donor site. Th ese include 
Transport Disc Distraction Osteogenesis 2 and tissue engineering 3-6. 
In the present thesis a novel technique will be introduced, which is 
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copied but adapted from methods used in orthopedic surgery.
Bone reconstruction in orthopedics has evolved over the years. 
Th ese include resection arthrodesis, allograft s, allograft -prosthetic 
composites, autograft s, distraction osteogenesis and endoprostheses 7.
In the early days of limb salvage, resection arthrodesis was the 
main method of reconstruction. Its primary advantages were the 
restoration of skeletal stability also in the long-term. No attempt was 
made to restore motion 8. During the 1970s, osteochondral allograft s 
were used to replace segments of bones and adjacent articulations. 
Cadaveric bone, attached to the remaining host bone, was fi xed with 
metal devices. Many diffi  culties were encountered, however, including 
infection, nonunion and joint instability 9. Autograft s to reconstruct 
lost segments of bone were and are mainly used in Europe and Japan. 
Th e most commonly used bone is the fi bula osteosepto- cutaneous 
fl ap, which is harvested along with its nutrient vessel to allow for 
revascularization 10. Th e use of distraction-osteogenesis has also been 
reported to gradually lengthen bones and to fi ll the defect, created by 
tumor resection 11. 
Most orthopedic surgeons, nowadays, have adopted metal 
endoprostheses for skeletal reconstruction aft er segmental bone 
resection. Th e earliest published example of an endoprosthetic 
reconstruction following treatment of a bone tumor dates back to 
1940, when Austin Moore and Harold Bohlman implanted a vitallium 
proximal femur in a patient with a giant-cell tumor 12. In the early 
1970s, custom made distal femoral and total femoral replacements 
were developed, following radical resection of osteosarcomas 13. 
Th e fabrication of a custom endoprosthesis takes 6–8 weeks and 
this lag time between diagnosis and treatment may have a negative 
impact on disease progression and patient’s prognosis. Modular 
endoprosthetic reconstruction involves the removal of all diseased 
bone and replacement of the missing body part using an artifi cial 
device within the remaining bone 14. Th e fi rst generation of the 
modular endoprosthesis had a non-cemented intra- modulary stem 
with external fl anges and cortical transfi xation screws. Th e problems 
encountered were aseptic stem loosening (osteolysis), stress shielding 
with bone resorption and screw fracture 13, 14.
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A second-generation universal system, originally called the modular 
segmental replacement system (MSRS) and recently renamed 
the modular replacement system (MRS), was introduced in 1988 
(Howmedica Inc., Rutherford, NJ) 7. Th is system was designed to 
provide modular replacements for the proximal humerus, proximal 
femur, total femur, distal femur, and proximal tibia. Th e second 
generation modular endoprosthesis has a cemented intra- modularly 
stem with no external fl anges or screws. Th e MRS consists of 
articular components, body segments, stem sections and a set of trial 
components. Th e articular component features a male/female taper 
for attaching proximal and distal components. Th ey are assembled 
during surgery by impacting them together producing a cold-type 
lock 15. 
Th e advantage of a modular system is that it enables the surgeon to 
measure the bone defect at the time of surgery and select the most 
appropriate components to be used in the reconstruction. Modular 
systems also provide an element of expansibility that is invaluable for 
skeletally immature patients. Finally, standardization of the modular 
components permits a signifi cant reduction in manufacturing costs 
and allows the implementation of quality-control techniques that 
cannot be used for custom orders 7.
 
 Endoprosthesis for mandibular     
 reconstruction
Th e current thesis is focused on the extrapolation of the knowledge 
of orthopaedic to maxillo-facial surgery. Th erefore, the feasibility of 
using a modular endoprosthesis to replace segments of the mandible 
will be assessed in a monkey (Macaca fascicularis) model. When 
the results of our studies will be adequate, this system may have the 
potential to achieve early functional and aesthetic rehabilitation of 
patients and subsequent improvement of their quality of life.
Th e hypothesis is, that a modular endoprosthesis for mandibular re-
construction, using bone cement for fi xation, will be a functional re-
placement of the lost part of the mandible. 
18
Two endoprosthesis designs will be tested:
1. A modular endoprosthesis for reconstruction of the mandibular 
body
2. A modular endoprosthesis for reconstruction of the mandibular 
condyle and ascending ramus
Th e success of the endoprostheses in the long bones is partly due to 
the loading forces borne by the endoprosthesis in its axial plane during 
function 16. Th e inner structure of the femur for instance, transmits 
compressive forces through the stem, resisting bending forces. Th ese 
forces are totally diff erent in comparison to the mandible, which is 
of interest in this study. Dechow & Hylander 17 showed in primate 
studies that during mastication, the magnitude of bone stress and 
strains was larger on the buccal than on the lingual cortex of the 
mandible. Th is theory could support the frequent fi nding of loosening 
of screws and fracturing of plates in mandibular reconstruction when 
fi xed to the buccal cortex, as it is subjected to unfavorable forces. 
An endoprosthesis placed within the trabecular structure of the 
mandible is, therefore, thought to undergo less unfavorable forces, 
circumventing the current problems. Th e modular system allows for 
fl exibility and ease of use, although the inter-modular connections 
may pose a challenge as the forces on the mandible diff ers to that in 
long bones. 
Devices of diff erent materials and designs have been used for 
replacement of the temporomandibular joint (TMJ) since the 1960s 
18. Th e goals of the reconstruction are to maintain mandibular ramus 
height, to avoid deviation of the mandible and malocclusion and 
to prevent mandible hypomobility. Currently available alloplastic 
replacements consist of TMJ prostheses or reconstruction plates with 
a metal condyle. TMJ prostheses are available as stock devices such as 
the Christensen TMJ prosthesis 19 (TMJ Implants Inc., Golden, CO) 
and the Lorenz prosthesis 20 (W.Lorenz Surgical, Jacksonville, FL), or 
custom made TMJ prostheses 21 (TMJ Concepts Inc., Ventura, CA). 
TMJ prostheses were originally developed for reconstruction in cases 
of severe TMJ disorders, such as ankylosis and major derangement 
following multiple failed surgeries 22 and they remain to be used mainly 
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for these indications. Literature on their application following tumor 
resection, however, is comparatively scarce. Instead, reconstruction 
plates with a metal condyle are more commonly employed for this 
purpose, either as an interim device before defi nitive reconstruction 
with a bone fl ap or as a long-term reconstruction 23, 24. Both systems 
described above use bicortical screw fi xation to the mandibular 
ramus for stabilisation. Screw loosening, plate fracture and wound 
dehiscence resulting in plate exposure are complications which have 
been observed with these methods of reconstruction. Th e use of a 
cemented endoprosthesis, without bolts and screws, will hopefully 
result in less unfavourable forces and a more stable reconstruction in 
the long-term.
 Potential challenges
Th e biomechanics that exist in the mandible and TMJ are very diff erent 
from those in long bones. Long bones are weight-bearing. Th e forces 
borne by endoprostheses in long bones are mainly compressive and 
in the axial plane 25, 26. On the other hand, the mandible is subjected 
to sagittal bending moments and shear forces produced by muscles 
of mastication and by reaction forces acting through the teeth and 
temporomandibular joints 27. Th e loading forces in the mandible and 
TMJ, however, are signifi cantly less as compared to the hip or knee 
joint during function 28. Th e success of the mandibular endoprosthesis 
is dependent on the ability of the system and the peri-implant bone to 
withstand these forces during function. 
Th e bone-cement interface, cement mantle and cement-prosthesis 
interface are three inter-dependent components within the system that 
are essential in maintaining implant stability. Failure or “debonding” 
in one interface will result in over-stressing of the other interfaces and 
the failure will then propagate. Periprosthetic osteolysis is a known 
complication of cemented endoprostheses in long bones, which can 
eventually result in aseptic loosening 29. Th e mechanism by which this 
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takes place is not fully understood. Micromotion and reaction to wear 
debris have been postulated as possible causes 30 31.
Th e placement of a rigid device in bone is known to deprive it of 
physiologic stress, resulting in resorption 32. Stress-related bone 
resorption is known to occur to some extent around all hip and knee 
joint endoprostheses 33. Th e extent of resorption varies with diff erent 
implant materials and designs. Th is phenomenon has been described 
most oft en with uncemented stems and to a lesser degree, around stable 
cemented stems 34. Titanium alloy, which has an elastic modulus about 
half that of stainless steel and cobalt alloys, will allow for a reduction 
in the stiff ness of the implant. Th e use of a modular design and cement 
fi xation also reduces the rigidity of the system, which will decrease the 
stress-shielding eff ect. In this study, the presence and extent of peri-
implant bone remodelling following reconstruction with a modular 
endoprosthesis in the mandible needs to be determined.
Soft  tissue dehiscence can occur in reconstructions and around 
medical devices.  Diff erent methods have been explored to enhance 
soft  tissue integration against titanium alloy, a metal commonly 
used in medical devices. Roughening of the metal surface may be a 
signifi cant determinant of the connective tissue response 35, yet, this is 
in contrast to other studies in which soft  tissue attachment was found 
not to be infl uenced by surface roughness 36. 
21
 Study Objectives
To assess in an animal model using Macaca fascicularis:
1. Th e feasibility of using a cemented modular endoprosthesis for 
mandibular body reconstruction (Chapter 3 & 4)
2. Th e feasibility of using a cemented modular endoprosthesis 
for mandibular condyle and ascending ramus reconstruction 
(Chapter 5, 6, 7 & 8)
3. Peri-implant bone remodelling of a cemented modular 
endoprosthesis for mandibular condyle and ascending ramus 
reconstruction (Chapter 7)
4. Temporomandibular joint tissue changes following reconstruction 
of the mandibular condyle and ascending ramus with a modular 
endoprosthesis (Chapter 8)
5. Peri-implant and systemic release of metallic elements following 
insertion of a cemented mandibular modular endoprosthesis 
(Chapter 9) 
6. Soft  tissue adaptation to modifi ed titanium surfaces (Chapter 10)
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 Introduction
Surgeons have been trying to reconstruct mandibles for more than a 
century. Despite the enormous progress made over particularly the last 
40 years, the ideal solution has not yet been achieved. Th e ideal solution 
would obviously imply an anatomical reconstruction with suffi  cient 
height of the mandible and adequate muscle attachments as to allow 
for normal function. Th ere should also be a possibility for implant 
insertion to allow for rehabilitation of occlusion and articulation, 
whereas the function of the inferior alveolar nerve should be restored 
as well. None of the presently available techniques will provide this 
ideal solution. Th e search for better means of reconstruction should, 
therefore, continue.
Th e need for mandibular reconstruction is dictated by the loss of 
mandibular bone due to trauma, infl ammatory disease and benign 
or malignant tumours. Especially the latter goes along with loss of 
soft  tissues as well, which complicates the attempts of reconstruction. 
Th ese challenges are compounded by radiation therapy, which oft en 
is necessary in cases of malignant tumours. 
It is the aim of the present review to evaluate the existing techniques 
of mandibular reconstruction and to discuss their advantages and 
disadvantages. 
 Free bone grafts
Th e fi rst attempts to bridge defects of the mandible stem from German 
pioneers at the turn of the 19th century. Sykoff 100 is thought to be the 
fi rst surgeon to have done a free bone transplant. He used a graft  from 
the horizontal part of the contralateral mandible of 4 cm length to 
bridge a defect. Subsequently several surgeons followed using the tibia 
or rib as a donor site. Th e real thrust to use free bone graft s came in 
World War I. Th e German surgeons Klapp and Schröder49 described 
in detail various ways to bridge mandibular defects in their book on 
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“Gun shot wounds of the mandible”. Since that time this technique 
has been used by many surgeons worldwide and particularly with 
the advent of anti-microbial prophylaxis, the success rate must have 
improved a lot. Till the end of the seventies, however, these graft s were 
fi xed with wire osteosyntheses, oft en combined with long periods of 
intermaxillary fi xation.
At present, many surgeons will opt for a cortico-cancellous block 
graft  taken from the anterior or posterior iliac crest. Th e success of 
these graft s is probably much dependent on the way the transplants 
are fi xed, because their survival depends largely on revascularization 
from the recipient site. Th is revascularization is of paramount 
importance for the process of resorption and deposition of new bone, 
also called “creeping substitution”. Any micro-movement, because 
of non-rigid fi xation, would jeopardize the viability of the graft . 
Th ere is, however, surprisingly little literature about the success rate 
of free bone graft s fi xed with plates and screws as compared to wire 
fi xation. Kruger and Krumholz51 in 1982 reported on 62 patients, who 
underwent a secondary bone graft ing procedure using rigid fi xation. 
Th ey mentioned that one of these graft s was completely lost, whilst 
one was partially lost, but in 15% of the cases a pseudoarthrosis was 
present.  In the same report they also mentioned the results on 10 
primary graft ed patients. Th ey lost also two graft s in these patients, 
whereas in 30% a pseudoarthrosis occurred.   
Free bone graft s, till the present day, are still a good option for defects 
that are not bigger than approximately 5 cm, provided the soft  tissues 
are in good condition. Current textbooks also recommend free bone 
graft s for bridging relatively small defects of the mandible.41,82,125 
Th e advantages of these block graft s are obvious. When they take, they 
serve their purpose in that the continuity of the mandible is assured. 
Th e width of these graft s is usually suffi  cient to receive implants, which 
would allow for occlusal rehabilitation. A serious drawback is their 
limited use. Gaps greater than 5cm are not really suitable for this way 
of bridging a defect, whilst in most cases of malignancy, when also a 
large part of the surrounding soft  tissues is lacking, healing cannot be 
assured. Previous radiation therapy would also preclude the use of free 
block bone graft s. Morbidity associated with the donor site, however, 
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is usually mild. Studies comparing the anterior to the posterior iliac 
crest as a donor site reveal less morbidity when the posterior site is 
used.1, 45
 Pedicled bone grafts
Th e use of pedicled bone graft s goes even further back in history.36 
Again, German surgeons were the fi rst to apply this technique. 
According to the information provided by Klapp and Schröder, 
Bardenheuer (1891) was the fi rst to transplant a frontal bone graft , 
pedicled to the soft  tissues, to the mandible. Th e details about this 
operation are lacking, but apparently the graft  took. Rydygier and 
Wöffl  er ( 1892 ) transplanted a pedicled clavicle to restore continuity 
of a mandible. Th e success of this operation, however, is not known. 
Wildt ( 1896 ) and Diakonow ( 1896 ) used the mandible of the same 
side and took a partial thickness graft  that was pedicled to probably 
the platysma and the skin. Th is “composite” graft  was then transposed 
to the defect and fi xed with wires. According to Klapp and Schröder 
both operations were successful. 
A major breakthrough came with the introduction of the Pectoralis 
major fl ap in 1968 by Hueston & McConchie.40  Cuono & Ariyan15 
reported the fi rst rib graft  pedicled to this muscle fl ap. Th is was followed 
by reports of several clinicians who reported on the feasibility of this 
technique. Green et al29 and Robertson73  reported on the same fl ap 
but using the sternum as a bone graft . Modifi cations of this technique, 
including the pleura, have also been described.
Another muscle fl ap used to carry a bone graft  included the 
Sternocleidomastoid muscle. It was Conley who introduced this 
principle, using the medial fragment of the clavicle. Many surgeons 
reported on modifi cations of this principle to improve the suitability 
of this technique.111  Th e feasibility of the Sternocleidomastoid muscle 
fl ap depended largely on the way the neck dissection was carried out, 
i.e. with or without inclusion of the muscle.
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It is obvious that there are some drawbacks associated with the 
above mentioned methods. Th e graft ed bone, particularly rib, is too 
thin and, thus, not suitable for an implant supported prosthesis. Th e 
Sternocleidomastoid muscle is not always available or not suffi  ciently 
vascularised to be used as a pedicle. Th e esthetic results of these 
techniques were also not always acceptable, when compared with 
currently used free fl aps. Th e introduction of microvascular free fl aps 
has pretty much replaced the techniques described.  
 Particulate bone cancellous marrow 
 (PBCM) grafts
In 1944, Mowlem64 demonstrated the superior osteogenic potential 
of cancellous bone graft s. Th e physiology of the PBCM graft  was 
explained by the Axhausen theory of osteogenesis2 which states 
that surviving transplanted cells proliferate and form new random 
osteoid, which is dependent on the spatial orientation of the graft ed 
tissue. Th us, the eventual quantity of bone is determined in phase I. 
Th is process takes place during the fi rst 4 post-transplantation weeks. 
Th e second phase of osteogenesis results from induction of the host 
connective tissue bed and host bone, a process partially mediated 
by bone morphogenic proteins. Phase II of osteogenesis results in 
resorption and remodeling of the random osteoid into mature osteons 
with organized structures. Th e quality of bone is, thus, determined in 
phase II. Rappaport72 showed that the use of PBCM graft s aff orded a 
higher rate of osteogenesis and lower rate of surgical complications as 
compared to cortical graft s. 
Due to the inherent lack of cohesion, the PBCM graft  is required to 
be placed in a frame or crib to maintain the physical dimensions and 
to provide mechanical stability essential for graft  healing. Alloplastic, 
allogeneic and autogenous cribs as well as bone plates have been used 
for this purpose.
In 1969, Boyne4 demonstrated the success of PBCM graft s using 
metal cribs. Cribs of titanium, vitallium, tantalum, chrome cobalt 
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and stainless steel have since been used. Metal trays are available as 
custom-made, off -the-shelf products. Th e main advantage of metal 
trays is the ability to maintain spatial relationship of the mandibular 
segments without the need for additional fi xation. Patients can be 
allowed to resume normal functions early. However, with a rigid 
metal tray gradual resorption of the graft  may occur because of stress 
shielding.112 Th is is due to the higher modulus of elasticity of the tray 
as compared to bone resulting in the tray absorbing much of the 
functional stress. 
In 1972, Leake et al53 described the use of Dacron-coated polyurethane 
trays in dogs for mandibular reconstruction and good healing was 
demonstrated. In another animal study, histological examination 
showed a normal trabecular pattern with good osteoblastic activity 
and bone in the periphery resembling bony cortex at 6 and 12-
month intervals.89 However, its rigidity, to provide immobilization 
of the proximal and distal mandibular segments in the proper 
spatial relationship, is questionable. Intermaxillary fi xation, internal 
reinforced metal rods or external devices may have to be used in 
conjunction with the Dacron tray. Cheung et al8 showed in a clinical 
study that the bone heights at both ends and the middle of the 
reconstructed segment underwent even resorption and retained 80% 
of the bone height over a 3-year period. 
Th e Dacron-coated polyurethane tray, also available as an off -the-shelf 
product, has several advantages. It is light weight, biologically inert 
and has low thermal conductivity. Th e tray is easy to trim and adapt 
to the mandible during operation without the need for specialized 
instruments. Its pore size is small but large enough to allow capillary 
ingrowth. Th e material has a low modulus of elasticity, much less 
than cortical bone. Th is allows functional stress to be transmitted to 
the graft ed bone. Th e crib is radiolucent, which allows postoperative 
assessment of bone graft  healing.8 In cases requiring postoperative 
radiotherapy, the absorbed radiation dose to the surrounding tissues 
was enhanced in vitro by 29% to 36% with various types of metallic 
trays in contrast to only 1% dose enhancement by the Dacron tray.90
In 1996, Tideman et al 108,110 and Samman et al80 described a modifi ed 
titanium mesh system, utilizing a tray with a removable lid, which 
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was custom made to achieve good positioning of the reconstructed 
alveolar process in relation with the upper arch for correct placement 
of dental implants. A commercial titanium mesh sheeting was used 
which was less stiff  and, therefore, minimized stress shielding. Th e 
use of a lid over the superior aspect created a closed system, which 
permitted more eff ective condensation of the PCBM graft , thus 
increasing cellular volume and bone density.9
Complications reported with the use of metal or Dacron trays were 
wound dehiscence, tray exposure and postoperative infection that can 
lead to partial or total loss of the graft . Interference of the tray with 
subsequent prosthetic or implant rehabilitation may require removal 
of the tray.
Poly (L-Lactide) (PLLA) or Poly (D,L-Lactide) (PDLLA) trays have the 
advantage of being biodegradable. Kinoshita48 showed good results in 
an animal study using PBCM graft s with PLLA trays for mandibular 
reconstruction. Loius et al54 reported the use of a PDLLA mesh tray as 
a containment system for PBCM graft s in 3 patients for reconstruction 
of fractured atrophic edentulous mandibles with satisfactory results. 
Apart from alloplastic cribs, allogeneic or autogenous bone cribs have 
also been used for containment of PBCM graft s. In 1971, DeFries et 
al18 introduced lyophilized freeze-dried allogeneic mandibular cribs 
combined with autogenous iliac PBCM for mandibular reconstruction. 
In 1973, a case series, involving surface-decalcifi ed allogeneic mandible, 
iliac PBCM and post-operative hyperbaric oxygen therapy, was 
presented by Mainous et al 57 and further refi ned by Marx et al60  in 1983. 
Th e use of allogeneic cribs has the advantages of low immunogenicity 
due to the freeze-drying process and bioresorbability of the nonviable 
mineral matrix. Th e cortical crib has an osteoinductive eff ect on the 
resting mesenchymal cells and stem cells of the recipient bed. It acts as 
a scaff old on which osteocompetent cells can proliferate and eventually 
support and maintain the remodeled graft . Using a mandibular crib 
gives good anatomic contour. Th is method of reconstruction has been 
shown to be successful in restoring form and function in more than 
80% of cases.55,71 However, the major disadvantage of this method 
is the lack of availability of allogeneic mandibles. Due to the short 
supply, allogeneic ribs 7,50 have been used instead of mandible. 
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Th e use of allogeneic bone may also be a problem due to medical, ethical, 
religious, cultural or political issues. Because of this, reimplantation 
of a resected mandible to be used as a crib for PBCM graft s is an 
alternative. Reimplanting the resected part of the mandible has been 
performed using various techniques. In 1957, Harding32,33 reported a 
method in which resected mandibular segments were reimplanted, 
based on research done by Orell69 20 years earlier. Th e invasive cancer 
was removed from the bone aft er which the bone crib was autoclaved 
prior to re-implantation. Bone regeneration was, however, poor. 
Fibrous tissue surrounded the autoclaved graft s, which the author 
described as a foreign body reaction. Th is foreign body reaction, 
however, could not be confi rmed in animal and human studies by 
Ewers and Wangerin 21,118 and they attributed the better results to a 
more stable form of osteosynthesis. Instead of autoclaving, Hamaker30 
and Hamaker and Singer31 irradiated the resected mandible with 100Gy 
before reimplantation and reported 50% success in a 5 year follow-
up. Th e method was later modifi ed by Jisander et al44 who resected 
the mandible and hollowed it out, aft er which it was defatted and 
sterilized with ethylene oxide, irradiated and stored for 7 to 10 months 
before reimplantation.  Th ey reported successful reconstruction in 3 
patients. Simon et al95 reported less favourable results with fracture of 
the irradiated bone crib in 2 patients and wound dehiscence in one 
patient out of a total of 6 patients following reimplantation. 
Th e use of autogenous PBCM and autologous fi brin glue in mandibular 
reconstruction was proposed by Tayapongsak et al 101 in 1994, stating 
a 50% reduction in maturation time. In 1998, Marx et al 59 published 
a case series on the use of PRP-gel in combination with PBCM graft s. 
Acceleration of the bone maturation rate by a factor two was reported. 
Whitman et al124, Th orn et al107 and Merkx et al63 have presented 
excellent results on secondary reconstruction using autogenous 
PBCM graft s with autologous PRP. Fennis et al 22,23 published animal 
studies using an autogenous bone crib and PBCM graft  with or without 
PRP for primary reconstruction of the mandible. Histological and 
histomorphometric evaluation revealed that the use of PRP enhanced 
bone healing considerably. Simon et al95 reported fewer complications 
in patients who had primary mandibular reconstruction with 
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autogenous PBCM, autologous PRP and customized titanium plates 
as compared to those who had reconstruction with PBCM, PRP gel in 
combination with reimplanted irradiated mandibular cribs. 
Th e advantages of PBCM graft s are the potential to create an anatomic 
mandibular reconstruction of adequate height, symmetrical arch 
form and width and the ability to adequately support dental implants. 
It may be used to bridge mandibular defects of any length, and even 
the entire mandible, when used together with costochondral graft s 
for reconstruction of condyles. Th e disadvantages include remodeling 
resorption, whereas wound dehiscence and infection may still occur 
leading to loss of the graft . Th e latter is the main reason why PBCM 
graft s are not frequently used in patients with malignant tumors, 
where the soft  tissues are compromised or where radiation therapy 
has been used or will be used. Complications may also arise from the 
containment system, such as tray exposure or foreign body reactions 
to bone cribs, leading to subsequent infection.
 Reconstruction Plates 
According to Luhr56, probably the fi rst surgeon to apply plates and 
screws for mandibular fractures was Hansmann in 1886. Due to 
a high failure rate because of infection and other complications 
this application was soon abandoned. Th e interest in plate fi xation 
appeared again aft er the Belgium surgeon Danis introduced the 
principle of axial compression of the fracture stumps. Th is idea 
was further developed by the Austrian and Swiss working group on 
osteosyntheses (ASIF). Luhr, in 1967, introduced this principle in the 
maxillofacial area. From this the reconstruction plates evolved and it 
was Spiessl, in 1976, who fi rst reported on the use of metal plates to 
bridge a mandibular defect aft er ablative surgery.
Reconstruction plates are rigid plates that are applied along the lower 
border of the mandible. Th ey were made with the intention of bridging 
a defect, stabilising remaining segments and maintaining occlusion 
and facial contour. However, they are presently frequently used to fi x 
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cortico-cancellous blocks or vascularised bone graft s to the remaining 
mandible.  
Th ey were originally made of stainless steel, but currently titanium 
plates are more popular mainly due to their biocompatibility. Th ere 
are several types of these plates on the market, but the overriding 
principle is to have one single plate of suffi  cient thickness and width 
to hold the fragments in place. Th is implies plates of approximately 
3 mm thick and 5 mm wide. A special feature of the modern types 
is the locking screw. Th is is supposed to minimise compression 
between the plate and the underlying bone, thereby optimising the 
vascularity surrounding the graft 19. A study conducted by Kim et al47 
have shown that locking plates are associated with signifi cantly fewer 
complications than non-locking plates, when used at the symphyseal 
region.
Several studies have reported on the various complications associated 
with the use of reconstruction plates such as wound dehiscence with 
plate exposure, infection from loosening and breakage of screws, 
plate fracture and unsatisfactory facial contour. Variables such as the 
combined use of reconstruction plates with bone graft s, immediate or 
delayed reconstruction, radiotherapy and the location of the resection 
have been evaluated to determine if it aff ects the results and frequency 
of complications. It has been shown that radiation and reconstruction 
of the anterior mandible crossing the midline signifi cantly increases 
incidence of complications and the need for revision or plate 
removal46.
Several studies have reported an incidence of 2.9 to 10.7% of plate 
fractures94. Reconstruction plates should match closely the three 
dimensional shape of the mandible to avoid preoperative bending as 
much as possible.58 When part of the ascending ramus is involved in 
the resection, a plate should be applied that has a contour that more or 
less follows this anatomic structure. In general, however, plates need to 
be adapted to the underlying bone of the stumps, which is done using 
special bending forceps. Th is causes weak spots in the plate, which are 
prone to fracture when the plate is loaded. Th is was also demonstrated 
in an animal study using sheep.58 Th e plate surface quality and notches 
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in the edge of the plate, where stress is concentrated, both contribute 
to the tendency to break.  It is, thus, obvious that the predilection 
areas for fracture will be those areas where the mandible is curved i.e. 
the symphysis and the mandibular angle.
Plate exposure is a special problem which occurs in about 20% to 
48% of cases, especially when the patient has undergone irradiation 
therapy which has been shown to have a signifi cant eff ect on wound 
dehiscence46. An associated problem with the use of mandibular 
reconstruction plates is related to imaging and postoperative 
irradiation therapy. Radiography and CT scans in particular show 
backscattering, which causes diagnostic problems. Irradiation therapy 
is equally hampered by the plates. It has been shown that titanium 
causes the least amount of artefacts in magnetic resonance imaging 
compared to stainless steel and vitallium24. 
Despite the inherent disadvantages and possible complications there 
are still indications for the use of these plates as a single means to 
maintain a three dimensional stability of the stumps. One can think 
of a group of patients whereby the medical condition prevents a 
prolonged operation time to carry out a microsurgically anastomosed 
fl ap, or in whom the vascular system does not allow for a microvascular 
anastomosis. Some surgeons prefer plate fi xation as a fi rst means to 
stabilise the mandible and will carry out a secondary reconstruction a 
year later when the patient has survived.26
 Microvascular free flaps                                          
                                        
Th e introduction of microvascular surgery and its subsequent 
application in the transposition of bone graft s has brought about 
a revolution in mandibular reconstructive surgery. In contrast to 
previously described methods, a free tissue graft  can be transferred with 
an intact blood supply, due to microvascular anastomosis. Provided 
the graft  is properly fi xed, it will heal primarily at the site of the 
ostectomies.  In principle, healing time will be short and complications 
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like resorption and infection are greatly reduced as compared to all 
other methods. Microvascular surgery has made reconstructions 
possible that hitherto could not be carried out otherwise. 
McKee62 was the fi rst to describe the use of a microvascular free rib 
graft , for mandibular reconstruction in 1971. Th is was subsequently 
adopted by several surgeons17,90 at that time. In the late 1970s, a 
vascularized metatarsus graft , originally developed from the free 
dorsalis pedis fl ap, was fi rst applied by O’Brien et al68, Bell and Barron3 
and Saliban et al79 for mandibular reconstruction. However, the use of 
the rib and metatarsus free fl aps was associated with signifi cant donor 
site morbidity. Th e bone was also thin and unsuitable for reshaping 
and, therefore, has little role in modern day mandibular reconstruction. 
At present, the donor sites used most commonly for mandibular 
reconstruction are the radial forearm, scapula, iliac crest and fi bula. 
Each donor site diff ers in the quality and quantity of available bone 
and soft  tissue, quality of the vascular pedicle, suitability for reshaping 
and placement of implants. 
Th e radial forearm fl ap was introduced in the English literature by 
Song97 in 1982, but was originally developed by Yang et al128 in China. 
Th e fl ap is based on the radial artery and its concomitant veins or 
subcutaneous forearm veins. In 1983, Soutar et al 98 reported the use 
of the radial forearm fl ap, including radial bone, to replace segments 
of the mandible. Approximately 10 to 12cm of bone can be harvested. 
Th e advantages of this fl ap for mandibular reconstruction are its 
pedicle, with excellent length and diameter as well as the reliable 
skin paddle which is large, thin and pliable, most ideal for intraoral 
lining. However, fracture of the radius at the donor site remains a 
complication that has caused the greatest criticism of this fl ap. Th e use 
of a keel-shaped osteotomy121 or pre-plating67 has been described to 
prevent this. Th e transplanted bone is thin and, therefore, it may not 
allow for multiple osteotomies to adapt to the shape of the mandible 
and the height does not favor the insertion of implants.
Gilbert and Teot27 introduced the use of a free scapular fl ap, based 
on the circumfl ex scapular artery and vein, in 1982. Teot et al104 
further described the osteocutaneous scapular fl ap and used this for 
mandibular reconstruction in one patient. Up to 14cm of bone could 
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be harvested. Swartz et al99 and Granick et al28 reported the use of this 
fl ap for reconstruction of massive facial composite defects. It has been 
described as a versatile fl ap for mandibular reconstruction because a 
single vascular pedicle can supply a large quantity of soft  tissue with 
bone. It is a good choice for through and through defects involving 
facial skin, bone and mucosa. Th ere is good fl exibility of the soft  tissue 
in relation to the bone. One disadvantage is the location of the donor 
site which prohibits simultaneous harvest of the fl ap at the time of 
tumour resection.
Th e iliac crest was the main free fl ap used for mandibular reconstruction 
in the 1980s. Although the superfi cial circumfl ex iliac vessels were 
fi rst used as the vascular pedicle for combining a groin skin fl ap with 
iliac bone, Taylor et al103 subsequently reported the superiority of 
using the deep circumfl ex system. Th e skin paddle of this fl ap is thick, 
immobile and relatively unreliable which limits its use for intraoral 
reconstruction. To overcome this problem, Urken et al.115 in 1989 
introduced the internal oblique-iliac crest osseomyocutaneous fl ap, 
whereby the muscle was used to resurface intraoral mucosal defects. 
Th ey reported few failures and low donor site morbidity in their series. 
Th e natural contour of the ipsilateral iliac crest bears a resemblance 
to the hemi-mandible. No other donor site can supply as much bone, 
suitable for implants. Riediger 72 in 1988 reported the successful 
integration of implants in pre-irradiated vascularised iliac crest bone 
graft  over a follow-up period of up to thirty months. A disadvantage 
of the iliac crest free fl ap is its short vascular pedicle and the lack of 
segmental perforating vessels which limits the ability for osteotomies. 
Patients may be slow to ambulate aft er surgery and permanent gait 
disturbance may occasionally occur. Removal of bicortical bone 
produces signifi cant donor site deformity and herniation of the 
abdomen is a risk factor.34
In 1975, Taylor et al102 described the use of a free fi bula fl ap for 
reconstruction of the lower extremity. Th is fl ap was adapted for 
mandibular reconstruction by Hidalgo37 in 1989. Th e fi bula is 
currently the most popular free fl ap for mandibular reconstruction 
and has the widest application. Th e fl ap is based on the peroneal artery 
and associated veins. Th e pedicle is of adequate length and diameter. 
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Blood supply to the fi bula is both intraosseous and segmental and, 
therefore, multiple osteotomies can be made. It can provide up to 
30cm of bone length which is suffi  cient for reconstructing any length 
of the mandible. Th e height of bone is, however, inadequate relative 
to a dentate mandible which can be a problem when dental implants 
are planned for occlusal rehabilitation.  To overcome this problem, 
the use of a “double barrel” fl ap39 and vertical distraction of the fi bular 
fl ap66 have been described. Donor site morbidity is relatively mild but 
preexisting peripheral vascular disease will preclude its use.
No single type of free fl ap is capable of coping with the wide variety 
of mandibular defects. Th e choice of fl ap depends on several factors 
including the type of bone and soft  tissue (skin and/or oral) defect, 
vessel geometry of the donor and recipient sites, donor site morbidity, 
whether the patient is dentate or edentulous, need for dental implant 
rehabilitation and oft en the type of training and individual preference 
of the surgical team. Brown et al5 recommended the iliac crest free fl ap 
as the fl ap of choice in dentate patients because of the superior bone 
height which allows good support for implants. Th e fi bula free fl ap 
remains the fi rst choice for the edentulous mandible or for extensive 
mandibular resections. Th e scapular fl ap is suitable in cases of large 
composite defects, while the radial forearm fl ap is mostly used to 
cover intra- to extraoral soft  tissue defects. 
Foster et al25 reported an implant success rate of 99% in vascularized 
bone fl aps versus 82% in nonvascularized bone graft s over a mean 
follow-up period of 3 years. Th ere is no signifi cant diff erence in implant 
loss rates in irradiated versus nonirradiated free bone fl aps.20,85,93,122,123 
Implants may be placed either immediately at the time of ablative 
and reconstructive surgery (i.e. primary implants)91,113 or delayed (i.e. 
secondary implants). Th e application of primary implants prior to 
radiotherapy has been advocated by Schoen et al88 and Schepers et al81. 
Advantages include implant healing before radiation, reducing the 
risk of radiation-induced complications such as osteoradionecrosis 
and avoidance of adjuctive hyperbaric oxygen therapy. Rohner et al77 
in 2003 described a technique using prefabricated osseous free tissue 
transfer. In the fi rst stage, implants are placed in the donor bone in a 
preplanned position and lined with a split-thickness skin graft . Aft er 
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six weeks, a second stage procedure is carried out for fl ap transfer 
and reconstruction of the mandible using an implant-mounted dental 
prosthesis as a template for occlusion. Immediate functional loading 
can be achieved with this technique.
Th e main advantages of using free fl aps for mandibular reconstruction 
are the feasibility to reliably combine bone and soft  tissue repair in one 
session using only one donor site. High success rates of over 90% have 
been reported, even in irradiated patients. At present, mandibular 
reconstruction using microvascular free fl aps is the gold standard in 
that it provides in most cases a functional reconstruction. 
Rogers et al.75 in 2002 explored the relationship between an 11-point 
clinical examination and health-related quality of life (HRQOL) in 
130 patients aft er primary surgery for oral cancer. Th e results of the 
study suggested that patients with better clinical function had better 
HRQOL. Increased tumour size,11  loss of oral soft  tissue function, 
particularly tongue mobility83  and the sequelae of radiotherapy 6,116  all 
have a detrimental eff ect on function. Wilson et al126 reported better 
HRQOL aft er mandibulectomy in patients with bony reconstruction 
as compared to only soft  tissue reconstruction. Reconstruction of 
the mandible resulted in better facial appearance and masticatory 
functions. Th e introduction of microvascular free fl aps has helped 
to alleviate many functional defi cits resulting from mandibular 
resections. Studies have shown that patients who had reconstructions 
with microvascular free fl aps had better function than those with 
myocutaneous fl aps. 16,114,117  No diff erence in HRQOL scores was found 
between either fi bula or deep circumfl ex iliac crest reconstruction 
for oral cancer, although those patients with signifi cant donor 
site morbidity had poorer HRQOL.74 Occlusal rehabilitation is an 
important part of reconstruction. Implants are able to provide a stable 
support for dentures, thus improving mastication which is important 
for the psychological well-being of the patient and HRQOL.76,87
However, despite the many advantages of microvascular free fl ap 
reconstruction, it is time consuming and associated with varying 
degrees of donor site morbidity. Th ese may not be acceptable in 
elderly patients whose health may already be compromised by the 
primary disease and other medical conditions. Th e procedures require 
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specialized surgical expertise and hospital infrastructure which may 
not be available everywhere in the world.
 New Developments
In recent years, new techniques for mandibular reconstruction 
are being tested, with the common aim of eliminating the need for 
harvesting bone from a donor site. Th ese include Transport Disc 
Distraction Osteogenesis (TDDO), tissue engineering and modular 
endoprosthesis.
 Transport Disc Distraction Osteogenesis   
 (TDDO)
Distraction osteogenesis is a technique originally developed for 
lengthening of long bones, but it has evolved over the past decade from 
exclusive application in the extremities to the craniofacial skeleton. 
Distraction osteogenesis is a process in which new bone formation 
is gradually induced by an opening (distraction) device between 
two bony surfaces. It was fi rst described by Codivilla in 1904.10 Th e 
technique was later popularized by Ilizarov who created a device for 
surgical lengthening of long bones in 1951. He later published his 
landmark studies on tension-stress eff ect on the genesis and growth 
of tissues.42,43 
With regards to the craniofacial skeleton, Snyder et al 96 reported 
the fi rst experimental study of distraction osteogenesis in the canine 
mandible in 1973. Th e fi rst clinical cases of mandibular lengthening 
by distraction osteogenesis were reported almost two decades later 
by McCarthy in 1992.62 Distraction osteogenesis is mostly applied 
in craniofacial surgery for bone lengthening in the treatment of 
congenital deformities. 
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For mandibular reconstruction, a technique known as Transport 
Disc Distraction Osteogenesis (TDDO) is used. A segment of bone is 
cut adjacent to the defect and moved gradually across the defect by a 
mechanical device. New bone fi lls in between the two bone segments. 
Th e piece of bone being moved or transported is referred to as the 
transport disc.78  In 1990, Constantino et al 14 used an extraoral device to 
distract a 1.5 cm transport disc of bone across a 2.5 cm segmental defect 
of the mandibular body in dogs. Th e regenerated bone had a similar 
diameter to the pre-existing mandible and the inferior alveolar artery 
and vein were found to recannulate through the regenerated bone in 
5 of 6 animals. Since then, several clinical reports have described the 
use of TDDO for mandibular reconstruction in patients.13,52 External 
devices were employed in early cases but these caused problems of 
facial scarring along the pin tracks. To overcome this problem, an 
internal plate-guided distraction device was described by Herford in 
2004. 35
TDDO is an attractive option for mandibular reconstruction as it 
obviates the need for harvesting bone from a donor site. It off ers the 
potential of growing bone and soft  tissue from the native site and 
placement of dental implants is possible. However, TDDO is still a 
developing technology with few published data. Problems with TDDO 
include the diffi  culty in regenerating a curved bone in mandibular 
symphyseal defects, unreliability in cases receiving radiotherapy, the 
need for expensive hardware and patient compliance. 
 Tissue engineered transplants 
Tissue engineering builds on the interface between materials science 
and biocompatibility and integrates the application of principles and 
methods of engineering and life sciences toward the fundamental un-
derstanding of structure-function relationships in normal and patho-
logical mammalian tissues and the development of biological substi-
tutes to restore, maintain, or improve tissue functions.65 
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Till present, there is only one case of successful reconstruction of 
the mandible, using the principle of tissue engineering, in a human 
being as reported by Warnke et al.119,120 It concerned a patient who 
underwent a secondary reconstruction aft er tumour resection. Th e 
engineered graft  was allowed to heal in the Trapezius muscle and 
subsequently transplanted to the recipient side, using microvascular 
anastomosis. Th is clinical application was largely based on research 
carried out on minipigs by Terheyden et al.105,106
Th is way of reconstruction, however clever it may seem, still requires 
a microsurgical transplantation apart from the implantation of the 
scaff old in the muscle that will serve as a vehicle to carry the graft . In 
principle, engineering a graft  at the site of the defect would be more of 
an advantage to other methods. It would require, however, a period of 
healing in which the mandible should be immobilized. It would also 
require adequate soft  tissue conditions as to protect the engineered 
bone in its healing phase. Although there defi nitely seems to be a fu-
ture for engineered graft s their routine clinical application is still far 
away. Apart from the technical problems there is also a factor related 
to the unknown eff ects on various tissue cells and even plain oncogen-
ic eff ects. Th is is one of the main reasons why morphogenetic growth 
factors are not freely available yet. Autogenous growth factors, like 
those present in platelets, are mainly mitogenetic and are not known 
to be oncogenetic at the least not for epithelial cells. Another factor 
relates to economic factors. Th e costs involved to use BMPs, that are 
currently available, are also precluding their use on a large scale. 
 
 Modular Endoprosthesis
Tideman et al109 recently introduced the concept of a modular 
endoprosthesis for mandibular reconstruction in a study on Macaca 
monkeys. Th e principle is known in the orthopaedic literature for 
almost 10 years127. An endoprosthesis is a metallic device that replaces 
diseased bone in long bones and is fi xed internally with bone cement 
within the medullary space of the remaining healthy bone. Th ere is 
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no need for screw-fi xation. Th e variable length of the bone gap can be 
bridged by using modules that allow for accurate three-dimensional 
reconstructions. Th e modules are connected by a locking system.
In principle, the mandible would qualify for such an endoprosthesis 
because of the existing medullary space. Occlusal rehabilitation could 
be achieved on implants that are screwed into existing holes of the 
endoprosthesis. Whether this system will also work in patients with 
compromised soft  tissues remains to be seen. Th e principle, however, 
is worth to be further researched.
Th e review presented clearly reveals that the ideal system for 
reconstruction of the mandible has yet to be found. Each of the 
methods discussed has its shortcomings and limitations. Mandibular 
reconstruction can hardly be considered without taking into account 
the soft  tissue conditions that are oft en compromised. An important 
issue is also the sensory problems that are oft en seen when patients 
have undergone ablative surgery. Be it the inferior alveolar nerve or 
the lingual and glossopharyngeal nerve, they all are important for the 
most basic functions in a human life i.e. chewing and swallowing. 
Quality of life studies have unequivocally pointed to the importance 
patients attach to these fundamental functions.75,83,84,86 Unfortunately, 
a reconstructed mandible with implants and occlusal rehabilitation 
on implants is not enough to restore these functions completely. 
Adequate nerve reconstruction is, therefore, equally important.
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 Introduction
 
Diff erent from the way oral and maxillofacial surgeons reconstruct 
lost parts of the mandible, orthopedic surgeons tend to use endopros-
theses to bridge defects that occur aft er ablative surgery for tumors. 
Th is limb sparing surgery involves removal of the diseased bone and 
replacement by a metallic device that is fi xed to the remaining stumps 
with stems in the marrow spaces. Th e history of these prosthetic de-
vices goes back to 1942, but currently they are routinely used with 
favorable long-term results 22. 
A limitation of these custom made devices, however, concerns the 
lack of fl exibility in choosing the proper prosthesis in a given situ-
ation. When, for instance, more bone needs to be removed than 
planned, the preplanned prosthetic device will not fi t and the search 
for a replacement will be time consuming and an appropriate device 
will also not always be readily available. Hence, a modular system 
has been developed that consists of diff erent components with vari-
ous dimensions to allow for precise adaptation of the prosthesis to 
the defect created  4,7. Th ese prostheses are fi xed with cement, which 
eliminates the need for bolts and screws. Th is system also minimizes 
the time necessary for the planning and reduces the operation time, 
since adaptations to unexpected defect size can immediately be made. 
An additional advantage is its use in growing children. Th e modules 
allow for increase in length of the prosthesis when the child grows 13. 
Th e mandible would potentially be a candidate for such a modular 
endoprosthesis, since it also consists of a marrow space surrounded 
by fairly thick cortical bone.
Mandibular prostheses to replace lost or congenitally absent parts 
of the mandible have been introduced by Bowerman and Conroy in 
1962 1. Th ese, however, were not endoprostheses but constructions 
that were screwed to the remaining stump(s). Cadenat et al 2 also 
introduced a mandibular replacement system in 1972, that they called 
“Endoprosthesis”, but in reality these were also “screwed-on” devices. 
Th e same applies to the computer designed and manufactured, 
individual, one-piece, titanium prostheses as introduced by Eufi nger 
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et al 6. Th ey described the results on four patients, whom all had 
radio/chemotherapy. Th ey failed in all patients due to soft  tissue 
complications. All these devices diff er fundamentally from a true 
endoprosthesis in that the latter are fi xed by a stem that is cemented 
in the medullary space, which distributes the forces applied to the 
mandible in a more favorable way. At present, the replacement 
of the temporo – mandibular unit by a prosthetic joint has gained 
considerable popularity 3,14,15, 23. Th ese prostheses are used to replace 
ankylotic joints or to restore posterior vertical height in patients who 
have undergone multiple temporo - mandibular joint surgeries.
It is the aim of this paper to introduce the concept of a true, cemented 
mandibular endoprosthesis in an animal experiment and to discuss 
the potential of this system in mandibular reconstruction.
Th e hypothesis was that a cemented metallic endoprosthesis could be 
successfully used to reconstruct lost parts of the mandible.
 Material and Methods
Four adult female pigs (Sus scrofa), weighing approximately 110 kg, 
and four young adult monkeys of about 4 years (Macaca fascicularis), 
weighing approximately 3.5 kg, were used in this study. Th e monkeys 
had all molars erupted except for the 3rd molars. Permission was granted 
by the Institutional Animal Care and Use Committee of SingHealth, 
whereas the animal laboratory has been certifi ed by the International 
Association for Assessment of Laboratory Animal Care.
For both the pigs and the monkeys dried skulls were available so that 
CT-scans could be made of the mandibles. Th e data were sent to the 
manufacturer (Biomet Microfi xation, USA) for construction of a 3D-
model. Th e endoprostheses were made from these models as shown 
in Figs 1&2 and consisted of a titanium alloy (Ti-6A1-4V) 20. Th e 
surfaces of the implants for the pigs were plasma sprayed, whereas 
for the monkeys they were dual acid etched. Th e design of the two 
endoprostheses diff ered in that in the pigs the construction was 
made of one piece, whereas in the monkeys a true 3-piece modular 
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system was used (Fig 3). In both prostheses the height of the body 
was 70% of the original height of the mandible, whilst the contour 
on the buccal and lingual site followed exactly the original contour 
of the resected part of the mandible. Th e caudal border also followed 
the original mandibular contour. Th e body module of the monkey 
also had a hole as to allow for soft  tissue ingrowth (Fig 2). Th e stems 
were made as to fi t as closely as possible the marrow space of the two 
types of mandibles. Th ey were rounded off  at the ends as to prevent 
sheering forces generated at the stem - cement interface. In the pig 
model the body of the prostheses had two rings on the lingual side to 
tie the mylohyoid muscles to (Fig 1). Th e body of the implant for the 
pigs measured 38 mm in length, 30 mm in height, 12 mm in thickness 
and the stems were 27 mm in length, 10 mm in height and 3 mm 
thick, with two holes as to counteract rotational movements. In the 
monkeys the body of the implant was 15 mm long and 12 mm high 
and the stem 10 mm long, 7 mm high and 1 mm thick, also with two 
holes as to counteract rotational movements (Fig 2). 
Fig 1: One piece endoprosthesis used in Sus scrofa. Titanium alloy 
(Ti-6A1-4V) is plasma sprayed. Arrows point to 2 rings to tie mylohyoid 
muscle 
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Fig. 2: Modular endoprosthesis used in Macaca fascicularis. 
Titanium alloy (Ti-6A1-4V) is dual acid etched. Arrow points to hole 
as to allow for soft  tissue ingrowth
Fig 3: True 3 piece modular implant used in Macaca 
fascicularis. Th e modules are fi xed together by screws
Th e animals were kept fasted overnight. Th e pigs received 0.05 mg/kg 
atropine i.c. preoperatively and were sedated with 15 mg/kg ketamine. 
Th e monkeys had the same pre-medication, but had only 10 mg/kg 
ketamine. All animals were weighed prior to surgery and hair from 
the right mandible region was shaved. Induction of anesthesia was 
performed by a veterinarian using 5% isofl urane for the pigs and 3% 
halothane for the monkeys. Endotracheal intubation was then done 
with oral-tracheal tubes of gauge 7.5 mm and 3.5 mm for the pigs and 
monkeys respectively. Th e anesthesia was maintained with 1.5-3% for 
the pigs and 1-2% for the monkeys. A 20 gauge intravenous catheter 
was placed in the marginal ear vein of the pigs for administration 
of 6-8 mg/kg ampicillin and 1 mg/kg ketolorac tromethamine s.c. 
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(Toradol®) on induction. Th e monkeys were given 2 mg/kg carprofen 
(Rimadyl®), for analgesics and 5 mg/kg enrofl oxacion (Baytril®) and 
15 mg/kg amoxycilline s.c. (Betamox®). 
Preoperative lateral radiographs were taken of all animals positioned 
consistently with their right mandible facing the plate. Th e radiographs 
were taken using a Siemens polymobil plus machine. It was set at 60 
kV for 8 millisecond (ms) at a distance of 90 cm perpendicularly to 
the mandible for the pigs and at 40 kV for 2 ms at a distance of 70 cm 
for the monkeys. 
Sterile drapes were used and the overlying skin of the operation 
site was disinfected with povidone iodine. In the pigs a 10 cm long 
submandibular incision was made 1 cm below the lower border of the 
mandible aft er which the platysma was identifi ed and cut taking care 
not to damage the mandibular branch of the facial nerve. Th ere is an 
abundant amount of subcutaneous fat tissue in these animals which 
complicated the dissection, but it appeared to be a fairly straight 
forward dissection including the tying off  of the facial artery and vein. 
Once the periosteum was reached it was cut and elevated to expose the 
buccal and lingual side of the mandible from the angle to the anterior 
region. Th e operation was then continued by an incision both buccally 
and lingually just under the attached gingiva in the area where the 
resection was planned. Vertical incisions through the mucosa on both 
the buccal and lingual side completed the soft  tissue dissection. Th e 
endoprosthesis was then placed over the mandible in the planned 
position and burr holes made as to mark the ostectomy outline. Th e 
ostectomy was carried out using a Lindemann burr assuring that 
both the lingual and buccal cortices were completely cut through. 
Th e segment was then removed, including the attached gingiva on 
both sides, and the bleeding controlled by ligating the stumps of the 
inferior alveolar artery and vein.
In the pigs the marrow space appeared to be fi lled with fatty tissue 
that was easily removed using a curette. Th ere was no need of 
drilling a groove in the proximal stump, but in the distal stumps the 
cortices were fused somewhere halfway the planned position of the 
stem, which required drilling with a fi ssure burr to make room for 
the anterior stem (Fig 4). Th e endoprosthesis was then fi tted and 
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adjustments made in the distal groove when needed. Th is maneuver 
required stretching of both stumps with retractors. Th e grooves on 
both ends were made as dry as possible with gauzes, whilst in the mean 
time polymethylmethacrylate bone cement (Palacos®) was mixed 
and brought into the marrow spaces using a spatula, aft er which the 
prosthesis was put into place. Th e mandible was supported by hand 
during the setting of the cement, which, in general, took about 7 
minutes (Fig 5).
Fig 4: Drilling of a 
groove in distal stump 
of pig mandible
Fig 5: Endoprosthesis 
fi xed in place with 
polymethylmethacrylate bone 
cement (Palacos®
Th e wounds were closed starting with the intra-oral site using 
interrupted 2x0 Vicryl® sutures, aft er which the extra-oral soft  tissues 
were closed in layers with 2x0 Vicryl®. Th e skin was subsequently 
closed with 1x0 Vicryl® and covered with 3% Tetracycline 
Hydrochloride (Biotin®) antibiotic ointment. Aft er extubation the 
occlusion was checked and no major disturbances were seen as far as 
could be ascertained. 
Th e animals had an uneventful recovery and were fed a soft  diet for 
two weeks and thereaft er a normal diet allowing them to chew. Th ey 
received 1 mg/kg Toradol® for pain relief and 6-8 mg/kg ampicillin 
i.m. for three post operative days  Th ey were weighed aft er 4 weeks 
and checked for wound healing at a regular basis.
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Th e surgery in the monkeys was slightly diff erent in that the procedure 
was carried out via an intra-oral route. Th ese animals have large cheek 
pouches that enable the surgeon to pull the cheek way down, which 
allows for an easy intra-oral dissection including the ostectomy. In 
principle, however, the technique was the same and the resection 
included a segment containing the two permanent molars, including 
the attached gingiva on both sides. Th e horizontal incisions were 
made 2-3 mm below the attached gingiva on both sides and connected 
by two vertical incisions between the 2nd bicupid and the fi rst molar 
and behind the 2nd molar. Th e stripping of the periosteum was easily 
achieved down to the lower border of the mandible, exposing the area 
of the planned ostectomy (Fig 6). Aft er the removal of the segment the 
bleeding was far less as seen in the pigs because of the much smaller 
arteries and veins. Electro-cautherisation was suffi  cient in these 
monkeys to stop the bleeding. 
 
Fig 6: Exposed 
area of the planned 
ostectomy on the right 
side of the mandible in 
Macaca fascicularis
Contrary to the fi ndings in the pigs, the marrow space of the monkeys 
did contain bone marrow. In order to create space for the stem a 12 
mm long tapered fi ssure burr was used to make the grooves of 9 mm 
high and 11 mm long, to fi t the stems (Fig 7). As a rule, the germs of 
the third molars were visible in the proximal segment (Fig 8), whereas 
in the distal segment the contour of the apex of the 2nd biscupid was 
sometimes visible. 
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Fig 7: Drilling of a groove in proximal stump of 
monkey mandible
Fig 8: Germ of third 
molar in proximal segment 
visible
Fitting of the endoprostheses turned out to be much easier than in 
the pigs. Th e modules containing the stems were fi t fi rst (Fig 9) and 
again fi xation was achieved using Palacos® cement. Th e body was then 
connected, using 2 screws (Fig 10), to the cemented stem modules. 
Before the wounds were closed the crown of the 2nd premolar was cut 
off  and the alveolar process rounded off  as to avoid dehiscence of the 
wound in this critical area.  Th e remaining pulp tissue was extirpated. 
Th e wounds were closed aft er the cement had set. For this maneuver 
the full thickness of the buccinator muscle was dissected from the skin 
over a length approximately 5 cm (Fig 11). Th e mylohyoid muscle was 
dissected free from the aponeurosis to be pulled over the implant and 
tied to the buccinnator muscle with 3x0 Vicryl® sutures. Th e mucosa 
was then closed over this muscle with 4x0 interrupted Vicryl® sutures, 
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which resulted in a two-layer closure (Fig 12). Th e occlusion was also 
checked aft er extubation as to avoid chewing problems.
Fig 11: Buccinator 
muscle dissected from 
the skin
Fig 9: Trial fi t of stem in groove of 
distal stump
Fig 10: Body of 
endoprosthesis connected, 
using 2 screws, to the 
cemented stem modules
74
Fig 12: Mucosa closed 
over Buccinator muscle 
resulting in a two layer 
closure
Th e monkeys also had an uneventful recovery and were also put on 
a soft  diet for the fi rst two weeks. Th e monkeys received 2 mg/kg 
Rimadyl® s.c., for analgesia for 2 days and 5 mg/kg Baytril® and 15 
mg/kg amoxycillin s.c. for 5-7 days. For control of wound healing and 
possible weight loss, however, the monkeys needed to be anesthesized 
again aft er four weeks. At that time it was noticed that in two animals 
a sinus tract to the implant had occurred. Th is necessitated reopening 
of the wounds and careful inspection. It appeared that loosening of 
the screws was the cause of the problem. Th e screws were tightened 
again and fi xed with cyanoacrylate glue (Dermabond®).
Radiographs were taken immediately post-operatively of the operated 
side of the mandible in all animals as described previously. Th e pigs 
received an overdose of 50-85 mg/kg Pentobarbiturate injected 
intravenously aft er which the operated mandible was harvested and 
fi xed in 10% formalin.
At 3 months aft er insertion of the devices, a perfusion fi xation method 
was performed on the monkeys. Th ey were sedated using 5 mg/kg 
BW of ketamine. Induction of anesthesia was with 4-5% isofl urane. 2 
ml of heparin was given intravenously. Anaesthesia was maintained 
using 2% isofl urane. Th e thoraces of the animals were opened by 
cutting the sternum and the heart exposed. A 16 gauge intravenous 
catheter was inserted into the left  ventricle and used for rinsing the 
circulation with 300-500 ml of Hartman’s solution followed by 800 
ml of a mixture of 2.5% paraformaldehyde and 2% glutaraldehyde. 
Th e right atrium was cut to allow the blood and fl uid to fl ow. Th e 
operated side of the mandible was than harvested including the joint. 
Radiographs were taken using the same technique as described before 
and a micro computed tomography (Micro-CT) using the Skyscan 
machine was subsequently made of the specimens.
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 Results
Th e cadavers of the pigs were weighed and the animals did not 
loose any weight during the experimental period. At sacrifi ce of the 
pigs it was noted that in two animals dehiscence had occurred in 
the posterior alveolar area, while in one of these an extraoral sinus 
tract was also visible. Th ere was, however, no pus discharge. In one 
of those animals some mobility of the anterior stem was detectable 
whilst manipulating. Th e extraoral sinus tract corresponded with this 
area. In the other two animals the mucosa and skin had completely 
healed. Th e radiographs of the resected animals revealed no changes 
as compared to the immediate postoperative situation even not on the 
side that was clearly mobile. In all specimens a considerable amount 
of new bone was seen at the lower border of the implant.
Th e monkeys also had not lost any weight either during the 
experimental period. As far as could be ascertained, the occlusion 
appeared to have normal intercuspidation. No dehiscences were seen 
and the overlying mucosa appeared to be healthy in all animals. Th e 
3rd molar had erupted in two animals. Th ere was also no mobility 
noted when manipulating the mandibles. Th e stems appeared to be 
well fi xed to the mandibular stumps. Th e radiographs of all animals 
showed abundant new bone at the lower border at both sides of the 
body of the implant (Fig 13).  In the two animals where the 3rd molar 
had not erupted, a clear progress of the eruption was seen on the 
radiographs.
Fig 13: 
Radiograph showing 
abundant new bone 
at the lower border at 
both sides of the body 
of the mandible
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 Discussion
Despite the lack of bone marrow the stability of the endoprostheses 
was adequate in three of four pigs. Th is experimental animal, however, 
turned out not to be suitable for further studies for several reasons. First, 
the medullary space was too large and fi lled with fat instead of bone 
marrow. Second, the animals were too big which made manipulation 
diffi  cult. Th ird, there appeared to be a considerable variation in size of 
the pig mandibles, which would complicate the design of the modular 
system. Th is was the reason why further research on this animal was 
abandoned.
Th e monkey mandibles turned out to be a much better model in that 
the anatomy came much closer to the human model. Th ere was also 
less variation in the size and shape of the monkey mandible. Th e 
cheek pouch turned out to be an advantage as easy intra-oral access 
was achieved. Th e dissection of the relatively large buccinator muscle 
allowed for a two layer closure of the wounds, which was considered 
a major advantage. It also avoided the pouch to be diminished in 
volume, which would be very inconvenient for these monkeys, since 
they are used to save their food in these pouches. Th e height of the 
modules was reduced to about 70% of the original height to allow 
for tension free closure of the soft  tissues and for enough room for 
implant placement and subsequent supra structures.
Th e cemented endoprostheses appeared to function well in the 
monkeys and no signs of loosening were seen. It follows that the 
hypothesis, that a cemented metallic endoprosthesis can be successfully 
used to reconstruct lost parts of the mandible in Macaca fascicularis 
monkeys, has to be accepted. Th is preliminary study, however, needs 
to be extended to a larger group of animals and should include 
histology and Micro-CT. Th e fi ndings of this study will be reported 
in a subsequent paper.
Th e segment removed, apparently corresponded well with the size 
of the implant, since no obvious occlusal problems were noted. Th is 
was supported by the fact that their masticatory functions had not 
been aff ected. Th e rounded off  area at the 2nd bicuspid did not cause 
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problems either. It was decided to leave the root in place as to avoid 
perforation to the marrow space. Although the stem was very close to 
the roots of the 3rd molars, damage had not occurred considering they 
had erupted. Th e loosening of the screws of the modular system itself, 
as seen in two animals is, of course, an error in design that needs to 
be addressed. Th e temporary solution, however, appeared to solve the 
problem. 
Polymethylmethacrylate bone cement has been widely used 
in orthopedic surgery for the fi xation of prosthetic stems with 
good success over the past few decades. Heat generated during 
polymerization may be a concern, especially when used in the facial 
bones. However, in this study it was observed that the average increase 
in bone cement temperature at the surgical site was not more than 
1.5 degree Celsius during polymerization. Th is is probably due to the 
relative small amount of cement used in the mandible as compared to 
what is necessary in the limbs.     
Th e choice for a titanium alloy is based on its well known 
biocompatibility particularly in a bony environment 8. Th e most 
common form is titanium-6 aluminium-4 vanadium (Ti6Al4V). Th e 
low level of corrosion and a modulus of elasticity close to that of bone 
have yielded excellent long term results 9,12. 
Th e success of the endoprostheses in the long bones is partly due to 
the fact that the loading forces borne by the prostheses are in an axial 
plane of the bones 21. Th e inner structure of the femur for instance, 
transmits the body weight to the head of the femur through the 
acetabulum and the “hollow” shaft  is capable to resist the bending 
forces. Th ese forces are mostly compressive and the internal trabecular 
structure functions as an arch, transferring compressive stress to the 
femoral shaft  16.
Th e “shaft ” of the mandible would be subject to a combination of forces 
diff erent from the long bones. According to Skedros et al 18 and Kohles 
et al 11  there is a correlation between specifi c bone microstructure and 
variations in strain mode, be it tensile or compressive and functional 
adaptations in directional diff erences (anisotropies) in cortical bone. 
Th is, of course, will also apply to the mandibular cortices. Dechow 
& Hylander 5 found in Macaca monkeys that during mastication the 
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magnitude of bone stress and strains was larger on the buccal than 
on the lingual cortex. Th ey also mentioned that measurements of 
elastic properties indicated similar values to those found in human 
mandibles. It follows that plates fi xed to the buccal cortex have to 
withstand unfavorable forces which oft en leads to loosening of the 
screws and fracturing of the plates, even if large reconstruction plates 
are used 10,17, 19. An endoprosthesis placed within the contour of the 
mandible is thought to undergo less unfavorable forces. Plates on the 
outside of the mandible will also result in stress shielding, which is 
likely to be less with the endoprosthesis. 
In conclusion, the clinical results, as presented in this study, warrant 
further experimental studies on a larger group of animals. If this 
system turns out to be suitable for certain patients undergoing ablative 
surgery of the mandible, the advantages are obvious. It would avoid 
the necessity of harvesting bone graft s, whilst the morbidity would 
be greatly reduced. Th e system could also be adapted as to allow for 
implant insertion, which would facilitate occlusal rehabilitation. 
Studies are underway to test this possibility.
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 Introduction
Th e concept of a modular endoprosthesis, fi xed with 
polymethylmethacrylate (PMMA) cement in the medullar space 
of the mandible, to replace mandibular body segments, has been 
published previously 8, 14. Th is concept is based on the use of modular 
endoprostheses as used in orthopedic surgery 9, 11, 16.  In brief, a modular 
endoprosthesis for mandibular reconstruction consists of three or 
more modules, which can be adapted to the size of the defect (Fig1). 
Th e modules connect both mandibular stumps and are provided with 
stems that are inserted into the marrow space of the mandible. Aft er 
fi xation of these stems with PMMA cement, the modules are tightly 
connected with a locking system. 
Following a preliminary study on the use of a modular endoprosthesis 
in pigs and monkeys (see Chapter 3) 8, this study aims to present 
clinical, micro-computed tomography (micro-CT) and histologic 
results on 8 Macaca fascicularis monkeys. 
Th e hypothesis of the current study is that a modular endoprosthesis 
that is fi xed with PMMA cement in the marrow space of the mandible 
can be successfully used to reconstruct lost parts of the mandible. 
 Material and Methods
Eight young, adult male Macaca fascicularis monkeys, approximately 
weighing 3.5 kg, were used in this study. Th e clinical results of the fi rst 
4 monkeys were reported in a previous paper 8. Th e monkeys had all 
molars erupted except for the third molars. Permission was granted 
by the Institutional Animal Care and Use Committee of SingHealth, 
whereas the animal laboratory has been certifi ed by the International 
Association for Assessment of Laboratory Animal Care.
Th e modular endoprostheses were made with the help of skull 
models as explained in a previous study 8. Th ey were manufactured 
of titanium alloy (Ti-6Al-4V) with a dual acid etched outer surface 
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(Biomet Microfi xation, Florida, USA). In short, the height of the body 
of the endoprosthesis was 70% of the original height of the mandible, 
whilst the contour of the buccal and lingual side followed exactly the 
original contour of the resected mandible. Th e body of the module 
had a hole to allow for soft  tissue ingrowth. Th e stems were made to 
fi t as closely as possible the marrow space of the mandible. Th ey were 
rounded off  at the ends to prevent shearing forces generated at the 
stem-cement interface. Th e body of the implant was 15mm long and 
12mm high and the stem 10mm long, 7mm high and 1mm thick, with 
two holes to counteract rotational movements (Fig 1). 
Th e animals were kept fasted overnight. Th e monkeys received 
0.05mg/kg atropine s.c. preoperatively and were sedated with 10mg/
kg ketamine s.c. All animals were weighed prior to surgery and hair 
from the right mandible region was shaved. Induction of anesthesia 
was performed by a veterinarian using 3% halothane. Endotracheal 
intubation was then done with an oral-tracheal tube with a diameter 
of 3.5mm, which was secured around the central incisor with a 
ligature wire. Th e anesthesia was maintained with 1-2% isofl urane. 
On induction, the monkeys were given 2mg/kg carprofen (Rimadyl®, 
Pfi zer Inc, New York, USA), for analgesics and 5mg/kg enrofl oxacin 
(Baytril®, Bayer Health Care, Leverkusen, USA) and 15mg/kg 
amoxycilline s.c. (Betamox®, Norbrook Pharmaceuticals World Wide, 
Ireland). 
Preoperative lateral radiographs were taken of all animals, while 
positioned consistently with their right mandible facing the plate. Th e 
radiographs were taken using a Siemens POLYMOBIL Plus® machine 
(Siemens Medical Solutions, Erlangen, Germany) set at 40kV for 2ms 
at a distance of 70cm. 
Th e resection included a segment containing the fi rst and second 
permanent molars and the attached gingiva. An intraoral approach 
was used, beginning with two vertical incisions between the second 
bicuspid and the fi rst molar as well as behind the second molar. A 
horizontal incision 2-3mm below the attached gingiva connected 
the two vertical incisions. Th e periosteum was refl ected to expose 
the lower border of the mandible and the planned ostectomy sites. A 
tapered fi ssure bur was used to perform the resection and the block 
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was subsequently removed. Bleeding from the inferior mandibular 
canal was easily stopped.  
A 12mm long tapered fi ssure burr was used to create a space, 
measuring 9mm in height and 11mm in length, to fi t the stems. As 
a rule, the germs of the third molars were visible in the proximal 
segment, whereas in the distal segment the contour of the apex of the 
second biscupid was sometimes visible. Th e modules containing the 
stems were fi t fi rst and fi xation was achieved using PMMA cement 
Palacos® (Biomet, Florida, USA). Th e body was then connected, by 
using two screws. As mentioned in the previous paper 8, a problem 
with the device was the loosening of these screws that connected the 
modules together. Th is was addressed by placing a strut between the 
two screws in the subsequent modules used in the last four animals 
(Fig 1).
Fig 1. A modular 
endoprosthesis with strut 
Before the wounds were closed, the crown of the second premolar was 
cut off  and the alveolar process rounded off  as to avoid dehiscence 
of the wound in this critical area.  Th e remaining pulp tissue was 
extirpated. Th e wounds were closed aft er the cement had set. For this 
maneuver, the full thickness of the buccinator muscle was dissected 
from the skin over a length of approximately 5cm. Th e mylohyoid 
muscle was dissected free from the aponeurosis to be pulled over the 
implant and tied to the buccinnator muscle with 3-0 Vicryl® sutures 
(Ethicon INC, a Johnson and Johnson Company, Somerville, New 
Jersey USA). Th e mucosa was then closed over this muscle with 
88
4-0 interrupted Vicryl® sutures (Ethicon INC, a Johnson and Johnson 
Company, Somerville, New Jersey USA), which resulted in a two-layer 
closure. Th e occlusion was also checked aft er extubation. Radiographs 
were taken immediately of the operated side of the mandible, with the 
animals in the same position as described previously. 
Th e monkeys had an uneventful recovery and were put on a soft  diet 
for the fi rst 2 weeks. Th e monkeys received 2mg/kg Rimadyl® (Pfi zer 
Inc, New York, USA) s.c. for analgesia for 2 days, 5mg/kg Baytril® 
(Bayer Health Care, Leverkusen, USA) and 15mg/kg amoxicillin 
Betamox® (Norbrook Pharmaceuticals World Wide, Ireland) s.c. for 
5-7 days. Th e monkeys were sedated aft er one month for evaluation. 
A perfusion fi xation method was used on all monkeys. Th ey were 
sedated using ketamine (5mg/kg of body weight). Induction of 
anesthesia was with 4-5% isofl urane. Subsequently, 2ml of heparin 
was given intravenously, while anaesthesia was maintained using 2% 
isofl urane. Th e thoraces of the animals were opened by cutting the 
sternum and the heart was exposed. A 16 gauge intravenous catheter 
was inserted into the left  ventricle and used for rinsing the circulation 
with 300-500ml of Hartman’s solution followed by 800ml of a mixture 
of 2.5% paraformaldehyde and 2% glutaraldehyde. Th e right atrium 
was cut to allow the blood and fl uid to fl ow. Th e operated side of the 
mandible was harvested including the joint. Radiographs were taken 
of the specimen using the same technique as described before. 
Th e entire specimen was scanned using a Cone beam 3-D Dental 
Imaging System I-CAT® (Imaging Sciences International, Hartfi eld, 
PA, USA) to determine the position of the endoprosthesis in the 
mandible. Th e specimen was subsequently sectioned into three parts 
(anterior stem, body and posterior stem). Micro-computed tomogra-
phy (micro-CT) images were made of the anterior and posterior stem 
specimens using a SkyScan® 1072 (SkyScan, Aartselaar, Belgium) with 
a focal spot of 6μm and pixel size of 18μm. Th e specimens were secured 
to the sample holder and placed into the micro-CT specimen cham-
ber. Transmitted X-rays were absorbed and transformed into light 
by a phosphorous screen. Light was then detected by a CCD camera, 
consisting of a 2-D 512X512 array of pixels. Th is digitized signal was 
then transferred to a PC, on which the micro-CT slices were recorded 
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and reconstructed. Th e micro-CT slices were reconstructed perpen-
dicular to the long axis of the stem. Subsequently for each animal and 
in each slice, the region encompassing the anterior and posterior stem 
was selected for trabecular bone volume (TBV) measurements. At the 
buccal, lingual and inferior side of the stems, circular regions of inter-
est (ROI) were therefore selected manually. Th e ROI’s had a diameter 
of 0.52 mm and were always positioned manually at 1.5mm distance 
from the stem (Fig 2). If the ROI was seen to be in the region of the 
cement, it was moved away. Th e ROI was interpolated through each 
slice extending from the stem-body junction to the distal end of the 
stem, forming the TBV of each stem for analysis. Selection of the area 
for bone, using the binary image, was set manually and kept constant 
for all the images in each specimen. A percentage of TBV (TBV%) was 
calculated using the soft  ware provided. 
Fig 2. Region of interests 
in a micro-CT image
Aft er micro-CT imaging, each part of the specimen was dehydrated in a 
graded series of ethanol and was impregnated with methylmethacrylate 
(MMA). Aft er a period of 8 weeks, the samples impregnated with the 
MMA were polymerized in glass jars. Th e temperature was controlled 
by placing the jars in a water bath at room temperature to prevent 
bubble formation. Aft er complete polymerization, 10μm thick sections 
were cut, using a modifi ed inner circular sawing microtome technique 
Leica® RM2165 (Wetzlar, Germany). At least, nine sections were made 
of each specimen, i.e. three sections per implant component, and were 
used for histological analysis (Fig 3). Th e sections were stained with 
methylene blue and basic fuchsin. Th e histologic evaluation consisted 
of a description and histomorphometric analysis by two observers 
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(GBT, SL) using a histological grading scale. In case of diff erences in 
the grading process, a consensus was made aft er discussion.
Fig 3A. A 3D image taken from I-CAT showing regions where 
histologic sections were made
Fig 3B. Corresponding histology sections of stem (i) and body (ii) 
Magnifi cation 0.8x
(i) (ii)
Th e histomorphometric analysis for the hard tissue (bone-cement 
interface) and soft  tissue (tissue-metal interface) were done using 
grading scales adapted from Jansen et al 6 (Table 1 and Table 2), to 
quantify the quality of the tissue response around the cemented stems 
and the body of the endoprosthesis. Th e total score of all 3 sections 
was calculated as a mean score. 
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Table 1. 
Hard Tissue Histologic Grading Scale (modifi ed from Jansen et al. 
1994)
 
Reaction zone Response Score
Interface quality Direct bone-to-implant contact without soft  
tissue interlayer
4
Remodelling lacuna with osteoblasts and/or 
osteoclasts at surface
3
Localized fi brous tissue not arranged as a 
capsule
2
Fibrous tissue capsule 1
Infl ammation 0
Infl ammatory zone 
quantity 
0-4 cell layers 4
5-9 cell layers 3
10-30 cell layers 2
> 30 cell layers 1
Not applicable 0
Foreign body reaction 
zone quantity 
0 cell layers 4
1-9 cell layers 3
10-60 cell layers 2
>60 cell layers 1
Not applicable 0
Foreign body reaction 
zone quality 
Direct bone-to-cement contact without 
intervening tissue layer
4
Reactive tissue is fi brous, showing fi broblasts 
and collagen
3
Reactive tissue is granulous, containing both 
fi broblasts and many infl ammatory cells
2
Reactive tissue consists of masses of 
infl ammatory cells with little or no signs of 
connective tissue organization
1
Cannot be evaluated because of infection or 
other factors not necessarily related to the 
material
0
92
Table 2. 
Soft  Tissue Histologic Grading Scale (modifi ed from Jansen et al. 
1994) 
Reaction zone Response Score
Foreign body reaction 
zone quantity
0-4 cell layers
5-9 cell layers
10-30 cell layers
>30 cell layers
Not applicable
4
3
2
1
0
Foreign body reaction 
zone quality 
Reactive tissue is fi brous, mature, not 
dense, resembling connective or fat tissue 
in the non injured regions
Reactive tissue is fi brous but immature, 
showing fi broblasts and little collagen
Reactive tissue is granulous and dense, 
containing both fi broblasts and many 
infl ammatory cells
Reactive tissue consists of masses of 
infl ammatory cells with little or no signs 
of connective tissue organization
Cannot be evaluated because of infection 
or other factors not necessarily related to 
the material
4
3
2
1
0
Interface quality Fibroblasts contact the cement surface 
without the presence of macrophages or 
foreign body giant cells
Scattered foci of macrophages and foreign 
body cells are present
One layer of macrophages and foreign 
body cells are present
Multiple layers of macrophages and 
foreign body cells are present
Cannot be evaluated because of infection 
or other factors not necessarily related to 
the material
4
3
2
1
0
Statistical analyses were performed for micro-CT and 
histomorphometry, using the GraphPad Instat 3.05 soft ware 
(GraphPad Soft ware Inc, San Diego, CA) using a unpaired t-test with 
Welch correction. Diff erences were considered signifi cant at p-values 
less than 0.05. 
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 Results
Clinical fi ndings
Th e operations were completed in an average time of 1.5 hours, with 
minimal blood loss. Th e 8 animals were divided into 2 groups of 4 
animals. In one group, the animals were sacrifi ced aft er 3 months 
and in the other group, aft er 6 months. At one month, it was noticed 
that in two of the fi rst four animals, a sinus tract to the implant had 
occurred. Th is necessitated reopening of the wounds and careful 
inspection, which revealed loosening of the screws. A decision was 
then made to re-explore all four animals, to tighten the screws and 
fi x it with cyanoacrylate glue Dermabond® (Ethicon INC, a Johnson 
and Johnson Company, Somerville, New Jersey USA). To solve the 
problem of screw loosening, in the next four animals, a strut was used 
to lock the screws. Nevertheless, it was noted in the radiographs, that 
again the modules appeared to be loose in three of these animals. 
Upon exploration, it was indeed confi rmed that the screws were loose 
and had to be tightened again. As there was no sign of loosening of 
modules in the fourth animal, no re-exploration was performed. 
At sacrifi ce, clinical examination consisted of checking if gross mobility 
was evident by manipulation of the mandible in all directions, while 
the animal was sedated. None of the animals showed appreciable 
mobility at the interface of the recipient sites and endoprostheses. 
Th e occlusion was also found to be satisfactory and maximum inter-
cuspation was achieved in 7 of the 8 animals, whereas in one animal 
there was a slight deviation of the mandible. In four animals, the third 
molars had erupted. Th ere was no soft  tissue dehiscence noted in any 
of the animals. Th ree animals had intra-oral fi stulas at sacrifi ce. One of 
the animals also had an extraoral fi stula at the right submental region. 
At exploration, it was found that all four fi stulas were leading to loose 
screws, even in one of the animals which had the screws secured with 
a strut. 
Radiographs at sacrifi ce showed no dislodged screws in 7 animals, 
but in one animal, which did not undergo re-exploration, the 
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radiograph showed separation between the modules, suggesting a 
possible loosening of the screws (Fig 4b).  Radiographs also showed 
bone formation at the lower border of the body of all endoprostheses, 
which was more pronounced in the 6 months group compared to the 
3 months group (Fig. 4). All animals had a radiolucent demarcation 
around either one or both of the cemented stems. Th e anterior stems 
were seen to be in close or direct contact with the roots of the fi rst 
premolar and canines. 
Fig 4. Postoperative radiographs at 3 months (A) and 6 months (B). 
(A) (B)
Micro-CT imaging
Micro-CT images were only made in 6 out of 8 animals, due to 
unavailability of the data in 2 animals (n=2 at 3 months, n=4 at 6 
months) (Table 3). At 3 months, the TBV% around the anterior stem 
was 9.8% ± 6.6 and the posterior stem (mean = 45.4% ± 25.7). At 6 
months, the TBV% around the anterior and posterior stem was 18.3% 
± 17.7 and 42.5% ± 24.1 respectively. No statistical diff erence was 
found.  
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Table 3. 
Percentage of trabecular bone volume (TBV%) for buccal, lingual 
and inferior regions of anterior and posterior stems
Specimen 
Anterior 
Buccal 
TBV%
 Anterior 
Lingual 
TBV%
Anterior 
Inferior 
TBV%
 Posterior 
Buccal 
TBV%
 Posterior 
Lingual 
TBV%
 Posterior 
Inferior 
TBV% 
3 mths 4.35 8.48 22.37 25.91 39.06 60.24
3 mths 10.61 5.02 7.79 34.25 90.25 22.68
Mean 
(stdev)
7.48 
(4.43)
6.75 
(2.45)
15.08 
(10.31)
30.08 
(5.89)
64.66 
(36.20)
41.46 
(26.56)
6 mths 8.42 12.91 4.26 9.28 52.81 76.62
6 mths 17.50 18.85 56.76 58.15 26.83 66.98
6 mths 14.25 21.77 50.55 69.25 36.35 7.74
6 mths 3.15 4.80 6.08 17.10 56.29 32.21
Mean
(stdev)
10.83 
(6.35)
14.58 
7.49)
29.41 
(28.12)
38.44 
(29.68)
43.07 
(13.89)
45.89 
(31.79)
Th ere was no obvious diff erence in TBV% when comparing the buccal 
(mean = 7.5% ± 4.4) and the lingual (mean = 6.7% ± 2.4) sites around 
the anterior stem in the 3 months group. In the 6 months group, 
however, there was slight diff erence in that there was a higher TBV% 
at the lingual site (mean = 14.6% ± 7.5) as compared to the buccal site 
(mean = 10.8% ± 6.3). Th ere was also a higher TBV% at the inferior 
site in the 6 months group (mean = 29.4% ± 28.1) as compared to 
the 3 months (mean = 15.1% ± 10.3). No statistical diff erence was 
found.   
Th ere was a higher TBV% at the lingual site (mean = 64.7% ± 36.2) as 
compared to the buccal site (mean = 30.1% ± 5.9) around the posterior 
stem in the 3 months group, however was not found to be statistically 
signifi cant.  Th is was less obvious for the 6 months group; as the values 
at the lingual site (mean = 43.1% ± 13.9) and the buccal site (mean = 
38.4% ± 29.7) hardly diff ered. Th ere was however no diff erence seen in 
the trabecular bone volume at the inferior site between the 3 months 
(mean = 41.5% ± 26.6) and 6 months (mean = 45.9% ± 31.8) group.  
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Histology 
At 3 months, a thick fi brous capsule of varying thickness with an 
abundance of infl ammatory cells was seen at the cement-bone 
interface around both the anterior and posterior stems. A thinner 
fi brous capsule was consistently seen at the inferior site compared to 
the buccal and lingual sites. Woven bone on the inner cortical bone 
was seen to be less on the buccal, lingual sites compared to the inferior 
sites. At 6 months, the fi brous capsule was reduced in thickness for 
both the anterior and posterior stems. Still infl ammatory cells were 
present at the cement-bone interface in two animals, but to a lesser 
extent as compared to the three months group (Fig 5). Woven bone 
was seen all around the inner and outer aspects of the cortical bone. 
In one animal, a direct bone-cement contact was seen around the 
anterior stem (Fig 5). 
Fig 5. Histological sections of the stem at 3 months (a) and 6 
months (b). Bone contact in one area is demarcated with an arrow. 
Magnifi cation 40x.
(a) (b)
At 3 months, also an abundant number of infl ammatory cells were 
observed in the fi brous capsule, surrounding the body of the module. 
Th is infl ammatory infi ltrate was denser at the crevices and the slot. 
Bone was present at the lower border of the body of the module 
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(Fig 6). Th e fi brous capsule at 6 months looked similar as at three 
months, except that in one animal a reduced infl ammatory reaction 
was seen (Fig 7). In all animals of the 6-month group, there was more 
woven bone seen around the inferior border of the body module as 
compared to the 3 months group.  
Fig 6. Woven 
bone seen around 
the body of module 
at 6 months. 
Magnifi cation 2.5x.
Fig 7. Histological sections of the body section at 3 months (a) and 
6 months (b). Magnifi cation 40x
(a) (b)
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Histomorphometry
Th e means and standard deviations for interface quality (IQ), 
infl ammatory zone quantity (IZQ), foreign body reaction quantity 
(FBRQN) and foreign body reaction quality (FBRQL) were calculated 
for both the anterior and posterior stems, at 3 and 6 months using the 
hard tissue histologic grading scale (Table 1). 
Th e means for the anterior stem at 3 months were 0.1 ± 0.2 for IQ, 
1.8 ± 0.4 for IZQ, 1.2 ± 0.3 for FBRQN and 1.7 ± 0.4 for FBRQL. Th e 
means for the anterior stem at 6 months were 0.7 ± 010 for IQ, 2.2± 
1.4 for IZQ, 2.1 ± 0.8 for FBRQN and 2.3 ± 0.5 for FBRQL (Fig 8a). 
Th e means for the posterior stem at 3 months were 0.1 ± 0.2 for IQ, 
1.2 ± 0.5 for IZQ, 1.0 for FBRQN and 1.7 ± 0.4 for FBRQL. Th e means 
for the posterior stem at 6 months were 0.2 ± 0.5 for IQ, 1.7± 1.3 for 
IZQ, 2.1 ± 0.6 for FBRQN and 2.1 ± 0.7 for FBRQL (Fig 8b).
Fig 8. Reaction zone at the stems of endoprosthesis. Anterior 
Stem (a) and Posterior Stem (b)
(a)
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(b)
Th e means and standard deviation for the foreign body reaction 
zone quantity (BRQN), foreign body reaction zone quality (BRQL) 
and interface quality (B IQ) for the body of the endoprosthesis were 
calculated at 3 and 6 months, using the soft  tissue histological grading 
scale (Table 2).  
Th e means for the soft  tissue response at the body for 3 months were 
1.1 ± 0.2 for BRQN, 1.7± 0.5 for BRQL and 1.0 for BIQ. Th e means for 
the soft  tissue response at the body for 6 months were 1.0 for BRQN, 
2.3 ± 0.5 for BRQL and 1.7 ± 1.5 for BIQ (Fig 9). 
Fig 9. Reaction zone at the body of endoprosthesis  
No statistical signifi cance was found in the 3 and 6 months group. 
100
 Discussion
Th e modular endoprosthesis for mandibular reconstruction, fi xed with 
PMMA cement into the medullary space of the mandible, appeared to 
function well without any sign of loosening. Th e fact that one of the 
animals had a slight deviation of the mandible can be explained by the 
presence of oral tubes, which precluded intermaxillary fi xation while 
fi xing the stems into the mandibular space. Th e four fi stulas appeared 
to be related to loose screws. Th is is to be considered as a drawback of 
the design and needs to be addressed in the future. 
Th e radiographs confi rmed the stable position of the modular 
endoprosthesis, except in one animal where a small gap was seen 
between the modules. Th is was related to the loosening of the 
screws. Th e radiographs showed a radiolucent line at the cement-
bone interface. However, it has to be emphasized that radiographs 
provide only two dimensional information of a three dimensional 
object and, therefore, have been shown to be inadequate in the 
evaluation for the bone-cement interface 5. It has also been reported 
that there is considerable inter-observer variability in the assessment 
of the femoral component of orthopedic devices, using radiographs 
and other imaging techniques 13. Despite extensive description of 
radiological features and assessment criteria of cemented femoral 
stems in the orthopedic literature 3, it has been frequently reported that 
patients can present with a radiolucency at the cement-bone interface 
and still function without the need for intervention 2. Consequently, 
radiographic assessments must be correlated to clinical presentation 
and when inconclusive, other imaging techniques should be used. 
Unfortunately, the radiopacity of the stems prevented thorough 
examination of the periapical areas of the remaining teeth.
Th e fi ndings on the micro-CT’s suggest that there was a higher 
trabecular bone volume found around the posterior stem as 
compared to the anterior stem. Th is may be due to diff erences of the 
biomechanical forces exerted on the anterior and the posterior stem. 
Th ere also appeared to be some diff erences in the trabecular bone 
response of various regions in the mandible. Unfortunately, there 
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were only 2 animals in the 3 months group of which micro-CT’s were 
made. Due to the inconsistent results among the small sample size of 
6 animals and the possible biological variation among animals, the 
above mentioned fi ndings are only a suggestion. 
Th e fi brous capsule, as seen between the cement and bone, is consistent 
with the observations made by orthopedic surgeons, using cemented 
femoral prostheses 4, 12, 7. Th e thinner fi brous capsule seen at the 
inferior sites compared to the buccal and lingual sites, corresponded 
to the fi ndings from the micro-CT, where the trabecular bone volume 
at the inferior was mostly higher compared to the buccal and lingual 
sites. Th e infl ammatory reaction as seen at the bone-cement interface 
appeared to be less pronounced in the 6 months group, which 
suggests that the stems were fi rmly fi xed and also that the cement can 
be considered reasonably biocompatible. Th e fact that the capsule 
became thinner with less infl ammatory reaction in the 6 months 
group is encouraging. Six months, however, may be not long enough 
for fi nal evaluation. 
Histological analysis revealed also an infl ammatory reaction in the soft  
tissues around the body of the module, which was somewhat less dense 
in the 6 months group. Soft  tissue response to diff erent implant metals 
has been evaluated before. Baldwin and Hunt 1 found in their study that 
titanium evoked signifi cantly less infl ammatory response as compared 
to other metals, such as nickel-chrome and cobalt-chrome. Th eir study 
also demonstrated that the level of infl ammatory response around the 
titanium implants was comparable to the control site, which involved 
animals undergoing the same operation without implant insertion. 
Infl ammatory cells are required to set off  the wound healing and 
are, thus, unavoidable. Rosengren et al 10 analysed the infl ammatory 
response to titanium and polytetrafl uoroethylene (PTFE) implants 
and showed that at 12 weeks, the total cell count i.e. macrophages, 
fi broblasts and other cells decreased and was signifi cantly less than 
compared to PTFE. Th e soft  tissue response as seen in this study is 
in accordance with the regular sequence as seen in normal wound 
healing. It may fade away when time goes by, but a longer follow-
up study has to prove that. It is also possible that friction caused by 
chewing had maintained the infl ammatory response. If that is the case, 
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achieving soft  tissue attachment to the titanium body of the modular 
endoprosthesis will probably improve this unwanted infl ammatory 
response in the long-term. Apparently, the created surface roughness 
on the body component does not contribute to a recovery of the soft  
tissue response, which is agreement with a previous study 15.
Th e increase in woven bone around the stems and body module at 6 
months, is a sign of positive adaptation of the host to the cemented 
device and suggestive of favorable biomechanical forces. Th e bone 
response of the mandible to a cemented modular endoprosthesis will 
be discussed in a separate article.    
In conclusion, the results of this study appear to point towards 
acceptance of the hypothesis that the modular endoprosthesis fi xed 
with PMMA cement, serves its purpose well in this relative short 
period of follow up. However, the design needs improvement in that 
the loose screws appear to cause problems. Th ere is also a need for 
improvement of the soft  tissue adaptation.    
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Chapter 5
Replacement of the condyle and ascending ramus by a 
modular endoprosthesis in Macaca fascicularis. Part 1: A 
clinical and radiographic study
Bee Tin Goh et al
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 Introduction
Alloplastic temporomandibular joint replacements have been used 
since the 1960s. Till present, stock devices such as the Christensen 
TMJ prosthesis1 (TMJ Implants Inc., Golden, CO) and the Lorenz 
prosthesis2 (W. Lorenz Surgical, Jacksonville, FL), or custom made TMJ 
prostheses3 (TMJ Concepts Inc., Ventura, CA) remain popular. Th e 
goals are to maintain mandibular ramus height, to avoid malocclusion 
and to prevent mandibular hypomobility. Alloplastic replacements 
have the advantages of anatomic similarity to the natural contour, lack 
of donor site morbidity, early function and rehabilitation. Th ese devices 
have mostly been indicated for use in severe temporomandibular joint 
diseases ranging from ankylosis to joint deformities resulting from 
multiple failed surgeries. Literature on the use of alloplastic prostheses 
for reconstruction of the mandible, including the condyle, following 
ablative surgery is scarce.  
Endoprostheses have been used by orthopaedic surgeons to bridge 
defects aft er tumor resection in long bones and for total hip and total 
knee arthroplasties for more than a century. Th e surgery involves 
removal of all diseased bone and replacement by a metallic device. 
However, instead of using screw fi xation, it is fi xed internally into 
the medullary space of the remaining, healthy bone stump.  Th e 
technique of fi xation using polymethylmethacrylate (PMMA) cement 
was introduced by Charnley in 1964.4 Using bone cements, the device 
can be stabilized immediately without the use of bolts and screws and 
the patient can be rehabilitated within days. Currently, such cemented 
devices are routinely used in orthopaedic surgery with favourable long 
term results.5
Although custom-made devices are specifi cally constructed to fi t the 
host bone perfectly, disadvantages of the system are the high cost and 
time required for the fabrication as well as the lack of fl exibility to 
suit the extent of resection at the time of surgery. Th e TMJ Concepts 
patient-fi tted prosthesis was therefore designed for reconstruction at a 
second stage surgery. In orthopaedic surgery, a modular endoprosthesis 
system was introduced, consisting of diff erent components of various 
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dimensions that can be assembled together to fi t the defect, thus 
allowing immediate surgery, without delay required for a custom-
made prosthesis.6,7 It enables the surgeon to precisely adjust the size 
of the endoprosthesis intraoperatively, independent of the extent of 
resection. Another advantage of the modular system is the possibility 
of expanding the endoprosthesis in skeletally immature patients by 
attaching additional intermediate modules when the patient grows. 
Th is paper introduces the concept of a modular endoprosthesis for 
replacement of the mandibular condyle and ascending ramus. It also 
presents the results of an experimental study on monkeys using a 
modular endoprosthesis replacing the condyle and ascending ramus 
of the mandible.
Th e hypothesis is that the use of a cemented modular endoprosthesis 
results in a stable replacement of the condyle and ramus unit, with 
minimal complications and allowing for normal mouth opening and 
occlusion.
 Material and Methods
Eight male, adult monkeys (Macaca fascicularis) of about 4 years of age, 
weighing approximately 3.5 kg were used in this study. Th e monkeys 
had all molars erupted except for the third molar. Permission to carry 
out the study was granted by the Institutional Animal Care and Use 
Committee of SingHealth in Singapore. Th e animal laboratory has 
been certifi ed by the International Association for the Assessment of 
Laboratory Animal Care.
For the fabrication of the endoprostheses, computed tomographic 
scans of monkey dried skulls were made. Th e data were sent to 
the manufacturer (Biomet Microfi xation, Jacksonville, USA) for 
construction of a 3D model. Th e endoprostheses, consisting of a 
titanium alloy (Ti-6Al-4V), were made based on these models. Th e 
surfaces of the implant were dual acid-etched, except for the condylar 
head which had a highly polished surface. Th e device was a 2-piece 
modular system (Fig 1). Th e fi rst module consisted of a stem, which was 
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made to fi t as closely as possible the medullary space of the mandibular 
stump. Th e stem was 10mm long, 7mm high and 1mm thick. Th e edges 
were rounded off  as to prevent force concentration at the stem-cement 
interface. It had two holes for penetration of cement as to counteract 
rotational movements. Th e second module was shaped to replace the 
ascending ramus and condyle. Anterior to the angle, the height of the 
body was made 70% of the original height of the mandible, whilst the 
contour on the buccal and lingual aspects followed exactly the original 
contour of the resected part of the mandible. Th e module was 12mm 
high, 7mm thick at the superior aspect and tapering to 3mm at the 
inferior border. Posterior to the angle, along the ascending ramus, 
the buccolingual thickness of the device was decreased to 1.5mm as 
to reduce the total weight of the endoprosthesis. Th e inferior border 
followed the original mandibular contour along the entire angle and 
ascending ramus regions. Th e condylar head was designed to articulate 
against the natural disc and fossa.  Slots and holes were incorporated 
into the body of the second module to allow muscle attachment and 
ingrowth. Th e two modules were held together with a screw. A “stud” 
inserted adjacent to the screw was designed to prevent screw loosening. 
Mechanical testing was performed by the manufacturer by subjecting 
the fi xed device to an exaggerated motion for 1,100,000 cycles. Th ere 
was no failure of the connection system and cement interfaces. 
Fig 1: Modular endoprosthesis consisting of two separate modules
112
Th e monkeys were fasted overnight and received 0.05mg/kg 
intravenous atropine and 10mg/kg ketamine preoperatively. 
All animals were weighed prior to surgery and hair at the right 
mandibular region was shaved. Induction of anaesthesia was 
performed by a veterinarian using 3% halothane. Endotracheal 
intubation was done using oral endotracheal tubes of gauge 3.5mm. 
Th e anaesthesia was maintained using 1-2% halothane. Intravenous 
analgesic 2mg/kg carprofen (Rimadyl®) and antibiotics 5mg/kg 
enrofl oxacin (Baytril®) and 15mg/kg amoxicillin (Betamox®) were 
administered. Preoperative lateral radiographs were taken of all the 
monkeys, positioned consistently with the right mandible adjacent 
to the plate. Th e radiographs were taken using a Siemens® Polymobil 
Plus machine, set at 40 kv for 2 ms at a distance of 70 cm.
In the fi rst monkey, the surgery was performed via an intraoral 
approach, through a lower posterior vestibular incision. However, 
access was poor and this made the surgery technically diffi  cult. In 
the subsequent seven animals, therefore, an extraoral submandibular 
approach was used. Th e following describes the surgical procedure 
using this latter approach.
Th e operation area was disinfected with povidone iodine and sterile 
drapes were used.  Th e maximum mouth opening was recorded from 
upper right central incisor to lower right central incisor with a ruler 
and recorded in mm. A 4 cm long submandibular incision was made 
1 cm below the lower border of the mandible.  Th e platysma was 
identifi ed and cut, taking care not to damage the mandibular branch 
of the facial nerve. Blunt dissection was carried out to the lower 
border of the mandible, preserving the integrity of the cheek pouch. 
Th e periosteum along the lower border of the mandible was cut and 
raised to expose the buccal and lingual side of the mandible from the 
region of the second molar up to the condyle.  Burr holes were made 
just posterior to the second molar to mark the ostectomy line. Th e 
ostectomy was then completed by joining the holes with a fi ssure bur, 
ensuring that both the buccal and lingual cortices were completely cut 
through. Th e coronoid process was cut above the level of the sigmoid 
notch using a fi ssure bur, but the separated process was left  in situ. 
Th e condyle was dissected free from its muscle attachments and the 
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mandibular segment consisting of the ascending ramus and condyle 
was rotated clockwise and pulled out inferiorly (Fig 2), leaving behind 
the disc in the fossa. Finger palpation was performed to check the 
intact position of the disc in the fossa. Bleeding from the inferior 
alveolar artery and vein was minimal and when necessary, was easily 
controlled with diathermy.
Fig 2: Segment consisting of condyle and ascending ramus freed 
and removed.
Th e marrow cavity of the mandibular stump was prepared next. In 
order to create space for the stem, a 12mm long tapered fi ssure burr 
was used to make a groove 9mm high and 11mm long (Fig 3 and 4). 
Th e contour of the apex of the distal root of the second molar was 
sometimes visible. Following the preparation of the groove, the area 
was kept dry with gauzes. A PMMA bone cement (Palacos®) was 
mixed and brought into the groove with a spatula. Th e cement was 
also applied to the stem of the fi rst module which was then inserted 
into the groove (Fig 5). 
Fig 3: Fissure bur used to 
prepare groove in mandibular 
stump.
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Fig 5: PMMA 
cement applied 
and stem being 
inserted into 
groove.
Fig 4: Prepared groove 
ready to receive stem of 
endoprosthesis.
Th e ascending ramus and condyle module was then inserted, making 
sure that the condyle had been seated within the fossa. It was then 
connected to the stem module with a screw (Fig 6). Aft er the cement 
had set, the masseter and medial pterygoid muscles were attached 
to the holes at the angle region of the endoprosthesis using 3x0 
Vicryl® sutures. Th e wound was then closed with 4x0 Vicryl® for the 
periosteum, platysma and subcutaneous layers and 5x0 PDS for the 
skin. Dermabond® adhesive was applied to the skin incision aft er 
closure.
Fig 6: Assembled modular endoprosthesis in-situ.
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Before extubation, maximum mouth opening was recorded again 
from the upper right central incisor to the lower right central 
incisor. Following extubation, the occlusion was checked for 
proper intercuspation. Lateral mandibular radiographs were taken 
immediately postoperatively following a similar protocol as previously 
described (Fig 7). Th e monkeys were put on a soft  diet for the fi rst 
two weeks postoperatively. Th ey received 2mg/kg Rimadyl® s.c., for 
analgesia for 2 days and 5mg/kg Baytril® and 15mg/kg amoxicillin s.c. 
for 5-7 days. 
Fig 7: Immediate 
postoperative lateral 
mandibular radiograph. 
(Th e rectangular plate 
seen in this radiograph 
was inserted in the 
contralateral mandible 
for another study)
Four monkeys were sacrifi ced 3 months postoperatively and another 
four monkeys were sacrifi ced 6 months postoperatively. All monkeys 
were weighed prior to sacrifi ce. A perfusion fi xative method was used. 
Th e monkeys were sedated using 5mg/kg ketamine. Induction of 
anaesthesia was done with 4-5% isofl urane. 2ml of heparin was given 
intravenously. Anaesthesia was maintained with 2% isofl urane. Th e 
operation site was examined for any signs of infection, dehiscence or 
mobility of the endoprosthesis. Periodontal probing depth and any 
abnormal mobility of the adjacent teeth were noted. Vitality of the 
adjacent teeth was not tested due to the obvious diffi  culty in performing 
such tests in a monkey model. Th e maximum mouth opening was 
again measured as described previously. Th ereaft er, the animal’s thorax 
was opened by cutting the sternum and the heart was exposed. A 16-
gauge intravenous catheter was inserted into the left  ventricle and 
used for rinsing the circulation with 300-500ml of Hartman’s solution 
followed by 800ml of a mixture of 2.5% paraformaldehyde and 2% 
glutaraldehyde. Th e right atrium was cut to allow the blood and fl uid 
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to fl ow out. Th e operated side of the mandible was then harvested 
including the endoprosthesis and the stump of the mandible to which 
it was attached. Radiographs were taken using the same settings as 
described. Th e radiographs were examined for any displacements or 
loosening of the endoprosthesis and the presence of any radiolucency 
in the area where the implant was fi xed to the bone.
 Results
All eight monkeys were able to feed well orally and none had lost any 
weight. When the wound was inspected under sedation at one month 
postoperatively, two monkeys presented with intraoral fi stulae at the 
lower right fi rst or second molar region. Th e lower right third molar 
was noted to be erupting through the gingiva in one of these two 
monkeys. Th e fi stulae resolved with a one week course of intramuscular 
amoxicillin. At the time of sacrifi ce, no fi stulae or dehiscences were 
seen. Th ere was no exposure of the device intraorally and the overlying 
mucosa appeared to be healthy in all animals. No gross mobility of the 
endoprosthesis was detected upon manipulation. Periodontal probing 
depths and mobility of the adjacent teeth were within normal limits. 
Th e temporomandibular joints were able to move freely and there 
was no signifi cant change in maximum mouth opening (Table 1). 
As far as could be ascertained, the teeth appeared to be in proper 
intercuspation.
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Table 1: Pre-op and post-op maximum mouth opening
Monkey Pre-op maximum 
mouth opening 
(mm)
Post-op maximum 
mouth opening 
(mm)
1
2
3
4
5
6
7
8
70
70
69
70
71
71
70
70
70
70 
69
70
70
70
70
70
Post-sacrifi ce lateral mandibular radiographs did not show any 
displacements or loosening of the endoprostheses. All condyles of 
the endoprostheses appeared to be within the condylar fossae. At 3 
months, a 0.5-1mm linear radiolucency was noted at the interface 
between the cement and the bone marrow space in the two monkeys 
which previously presented with fi stulae (Fig 8); whereas at 6 months, 
none of the four animals showed any radiolucencies (Fig 9). New 
bone formation from the edge of the mandibular stump extending 
towards the inferior aspect of the endoprosthesis was also noted in 
four (50%) of the specimens (Fig 10). Heterotopic bone formation was 
seen surrounding the prosthetic ramus in all radiographs at 3 and 6 
months.
3 months
6 months
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Fig 8: Radiograph at 3 months postop showing linear radiolucency 
at bone-cement junction.
Fig 9: Radiograph at 6 months post-op showing no radiolucency at 
bone cement junction.
Fig 10: New bone 
formation from the edge of the 
mandibular stump extending 
towards the inferior aspect of 
the endoprosthesis.
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 Discussion
Tideman and Lee8 fi rst described the use of a modular endoprosthesis 
for mandibular reconstruction in 2006. Lee et al9 tested a modular 
endoprosthesis for reconstruction of a body segment of the mandible 
on two diff erent animal models, including pigs (Sus scrofa) and 
monkeys (Macaca fasicularis). Th e monkey mandibles were found to 
be a much better model for the study as the anatomy was much closer 
to humans. Th e medullary space of the pig mandibles was too large and 
fi lled with fat instead of bone marrow and, therefore, was unsuitable. 
Th e present study, testing a diff erent endoprosthesis design that was 
used to reconstruct the ascending ramus and condyle, also confi rmed 
the suitability of the monkey model.
Th e cemented endoprosthesis appeared to function well generally 
in all monkeys up to 3 and 6 months postoperatively. Two monkeys 
presented with intraoral fi stulae at one month postoperatively. 
Although the fi stulae resolved following a brief course of antimicrobial 
treatment, there was a possibility that the infection was only controlled 
temporarily and it could potentially return if the study period was 
longer. Th ey were the fi rst two monkeys that were operated on in this 
study. Th e fi rst animal’s surgery was performed via an intraoral approach 
while the second, like the rest, was performed via a submandibular 
approach. In the fi rst animal, the lower right third molar was erupting 
at the time when the fi stula was noted and this could be a possible 
cause of infection. In the second animal, a perforation of the lingual 
mucosa adjacent to the third molar was noted during resection and 
repaired with sutures. Injury to the neighbouring tooth roots and pulp 
canals could have occurred when mechanically preparing the groove 
in the mandible for insertion of the stem, or from monomer toxicity 
or exothermic eff ects of the PMMA cement. Due to the relatively 
small vertical dimension of the monkey mandible, the stem of the 
endoprosthesis and cement had to be applied in close proximity to the 
roots.  Th is could have devitalised the adjacent teeth and resulted in 
an infl ammatory reaction and infection in the peri-radicular region. 
Th e eff ects of PMMA cement on pupal tissues are currently being 
investigated. 
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Th e 3 month radiographs of these same two animals showed a thin 
linear radiolucent line at the interface between the stem and the 
marrow space, which was not seen in the immediate postoperative 
radiograph. Th e dental infection could have aff ected the integrity of 
the bone-cement interface. Another possibility was mobility of the 
prosthesis. Th ere was a learning curve in inserting the “stud” of the 
modular endoprosthesis, and in these two early cases, diffi  culty in 
performing this procedure was noted. Th e function of the “stud”, as 
previously explained, was to prevent the screw, which held the modules 
together, from backing out during functional loading. Improper 
placement of the “stud” could have resulted in subsequent mobility 
of the modular components. Th is weakness of the screw and “stud” 
system was noted and the connection system has been changed to a 
screw-less, slot design in subsequent studies. It should be emphasized, 
however, that a radiolucent zone of less than 2mm width is commonly 
seen at the bone-cement junction in properly functioning total joint 
replacements in long bones, in the absence of clinical evidence of 
loosening or infection.10 Th erefore, a thin radiolucent zone at the bone-
cement interface may be present normally.11 Infection or loosening is 
likely if this radiolucent zone progressively widens.12
Heterotopic bone formation was observed in all radiographs at 3 and 
6 month postoperatively. Heterotopic bone formation can occur aft er 
all major joint procedures. It has been reported to occur in 0.6% to 
90% of patients who have undergone total hip joint replacement, with 
average incidence of 53%.  It limits postoperative motion and causes 
pain in 10% of patients.13-15 Nonsteroidal anti-infl ammatory drugs and 
irradiation have been used to prevent heterotopic bone formation aft er 
hip arthroplasty. Lindqvist et al16 reported an incidence of 52% following 
alloplastic condylar reconstruction, and 4% resulted in reoperation. In 
this study, however, there were no obvious functional problems, such 
as limitation of mouth opening, in any of the monkeys.
Th e observed normal postoperative temporomandibular joint function 
is an indication that the prosthetic condyle acted as a proper joint 
replacement without major infl ammatory reaction. Histological and 
biochemical studies are underway to examine this in detail. 
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Th e results described confi rm our hypothesis that the use of a cemented 
modular endoprosthesis may result in a stable replacement of the 
condyle and ramus unit, with minimal complications and allowing 
for normal mouth opening and occlusion, at the least aft er 3 and 6 
months.
Currently available alloplastic condylar replacements depend on screw 
fi xation to the buccal aspect of the ramus for stabilization. Dechow 
& Hylander17 found the magnitude of bone stress and strains to be 
larger on the buccal than on the lingual cortex during mastication in 
Macaca monkeys. Th e bony trabeculae of the mandible are arranged 
to cushion the forces transmitted from the teeth to the bone. However, 
the forces applied to the bone via screws, which can be described 
as bending moments and shear forces, will not be so cushioned, as 
their trajectories are diff erent to those transmitted by dentition. Th is 
means that bone resorption occurs around the screw threads when the 
external forces exceed the limits that the bone can withstand.18 Such 
unfavourable forces may be responsible for screw loosening over time 
and thus, loss of function as observed in some temporomandibular 
joint replacements.19 An endoprosthesis placed within the contour of 
the mandible is thought to undergo less unfavorable forces and may 
result in a more stable reconstruction in the long term. 
Endoprostheses anchored with bone cement has proven to achieve long 
term stability with good function in long bones, with 15-year survival 
rates of 94% reported.20  Th ese predictable results, however, should not 
be directly extrapolated to mandibular and condylar reconstruction, 
as there are many diff erences in terms of morphology and functional 
loading. Th e mandible is a curved bone with fl at, tear-drop shaped 
cross-section whereas the long bone is straight with concentric 
cross-section. Th is diff erence in morphology therefore necessitates 
a diff erent design of the prosthetic stem. Th e stem in the mandible 
device was fl at, like a plate, rather than concentric, like a rod, as in 
long bone devices and would, therefore, be more resistant to rotational 
movements. Th e stem was also comparatively shorter in the mandible 
prosthesis because the mandible is curved and a longer stem would 
encounter the curvature during placement into the medullary groove, 
making insertion diffi  cult. A shorter stem would mean that the length 
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of the lever arm was much greater with the mandible endoprosthesis. 
Unlike in long bones, forces in the mandible are mostly non-linear. 
During function, the mandible is subjected to forces produced by the 
muscles of mastication and by reaction forces acting through the teeth 
and temporomandibular joint. Champy and co-workers21 described 
a zone of tension in the alveolar part of the mandible and a zone of 
compression in the lower border. During unilateral molar loading, 
deformation of the mandible can be described as a combination of 
sagittal bending, torsion and lateral transverse bending.22 Maximum 
bite force in the mandibular body region for healthy dentate patients 
ranges from 15.7 to 4341.4 N. 23-26  Following partial resection and 
reconstruction of the mandible, however, Maurer et al27 found a 
reduction in bite force of about 76% in the molar region and 59% in 
the incisor region. Any device and cement interfaces in the mandible 
must be able to withstand such forces to prevent loosening and ultimate 
failure of the system in the long term. 
Th e TMJ is a unique diathrodial sliding hinge joint. Movement 
in one TMJ demands movement in the other. Th erefore, the 
temporomandibular joint is subjected to diff erent kind of stresses as 
compared to other joints. In terms of loading, it receives less force as 
compared to the hip and knee joints. Th e basic functional load on a 
total hip joint prosthesis ranges from 3.5 to 6 times the body weight; 
i.e. for a 100-pound person, the functional load is 350 to 600 pounds 
(1550 to 2650 N).  For running, jumping or lift ing, the functional 
load may be 10 times the body weight.28 In comparison, the maximal 
functional loading of the temporomandibular joint during molar biting 
is about 265 N and during incisor biting is about 160 N.26 However, 
despite the relatively low compressive forces, severe erosion of the 
fossa resulting in penetration of alloplastic condylar head into the 
middle cranial fossa has been described in the literature.16,30-33 Hence, 
most currently available systems consist of a condylar prosthesis 
and a fossa-eminence prosthesis, to form a total joint replacement. 
However, erosion of the glenoid fossa has been reported to be more 
commonly observed when the condyle prosthesis had been used 
for treatment of temporomandibular joint disorders than in tumor 
cases.16 In the latter, a sizeable condyle/ramus segment is removed and 
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as a result the maximal biting force and consequent compressive stress 
on the glenoid fossa are strongly reduced.34,35 Furthermore, an intact 
disc can usually be preserved.  Th e modular endoprosthesis has been 
designed for this latter indication. Hence, in our study, the metallic 
condyle was made to articulate against an intact natural articular disc. 
No functional problems were encountered. Despite this premise, it is 
understood that the consequences of potential middle cranial fossa 
perforation are serious, and the possible need for a fossa prosthesis to 
be used in conjunction with the endoprosthesis cannot be dismissed. 
Detailed studies are underway to investigate for any resorption of the 
glenoid fossa and cartilage wear in this monkey model. 
Another unique feature of the mandible, that diff erentiates it from 
other bones, is that a neurovascular bundle runs through it. Th e 
fi xation of an endoprosthesis requires removal of medullary bone, 
resulting in the loss of the inferior alveolar bundle. However, as the 
endoprosthesis is used for treatment of large post-resection defects, 
the bundle would have been damaged in the ablative surgery and the 
additional loss would probably not have signifi cant eff ects.
In any joint replacement, muscular reconstruction and rehabilitation 
is the most important factor, determining a successful functional 
outcome. Aft er placement of a condylar or total joint prosthesis, a loss 
of translational movements of the condyle is oft en observed, especially 
in the anterior direction.36-38  Some investigators have attributed this 
to the loss of attachment of the lateral pterygoid muscle or scar tissue 
formation. Th is prosthesis design allows for intraoperative attachment 
of the masticatory muscles. Although we were unable to test the 
voluntary range of mandibular motion in the monkeys, maximum 
mouth opening under general anaesthesia remained unchanged or 
minimally changed at 3 to 6 months postop. 
In conclusion, results from this clinical and radiographic study showed 
that use of a cemented modular endoprosthesis for replacement of the 
condyle and ramus unit was feasible with minimal complications and 
allowing normal mouth opening and occlusion. Further histologic and 
micro focus computed tomographic studies will be done as to confi rm 
the fi ndings.
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Chapter 6
Replacement of the condyle and ascending ramus by a 
modular endoprosthesis in Macaca fascicularis. Part 2: A 
microcomputed tomographic and histologic evaluation 
of the ramus and stem 
Bee Tin Goh et al
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Introduction
A novel modular endoprosthesis1,2 for reconstruction of the ascending 
ramus, including the condyle, has recently been described in an animal 
model.3  Th e endoprosthesis is a metallic device that is fi xed with bone 
cement within the medullary space of the remaining mandibular 
stump, without the need for screw-fi xation.4  A modular system 
consists of diff erent components of various dimensions that can be 
assembled together to fi t a defect.5,6  Currently available alloplastic 
replacements consist of either temporomandibular joint prostheses7,8 
or reconstruction plates with a metal condyle9,10. Both systems depend 
on bicortical screw fi xation to the ramus for stabilization. Dechow 
& Hylander11 found the magnitude of bone stress and strains to be 
larger on the buccal than on the lingual cortex during mastication in 
Macaca monkeys. Th is diff erence in stress and strain during function 
results in torsional forces in the screws which engage both the buccal 
and lingual cortices. Over time, such unfavourable forces may be 
responsible for screw loosening.12 Endoprostheses have been used by 
orthopedic surgeons to bridge defects aft er tumor resection in long 
bones and for total hip and total knee arthroplasties for more than a 
century, with favourable long term results.13 Adopting this principle, an 
endoprosthesis placed within the contour of the mandible is thought 
to undergo less unfavorable forces and may result in a more stable 
reconstruction in the long term. 
Following the previous clinical and radiographic report on the 
replacement of the condyle and ascending ramus by a modular 
endoprosthesis in Macaca fascicularis3, this study aims to present the 
microcomputed tomographic and histologic evaluation of the peri-
implant tissues of the endoprosthesis, at the stem and prosthetic ramus 
regions. 
Th e hypothesis is that the fi xation of a modular endoprosthesis in the 
mandible results in physiologic bone growth and contact at the bone-
cement interface at the stem region; and physiologic soft  tissue growth 
and contact at the prosthetic ramus region, with minimal adverse 
cellular reaction.
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Material and Methods
Eight male, adult monkeys (Macaca fascicularis) of about 4 years of age, 
weighing approximately 3.5 kg were used in this study. Th e monkeys 
had all molars erupted except for the third molar. Permission to carry 
out the study was granted by the Institutional Animal Care and Use 
Committee of SingHealth in Singapore. Th e animal laboratory has 
been certifi ed by the International Association for the Assessment of 
Laboratory Animal Care.
Details of the fabrications of the endoprosthesis and the surgical 
technique have been published previously.3 In brief, the right condyle 
and ascending ramus were resected in the eight monkeys under general 
anesthesia and replaced by a two-piece modular endoprosthesis, that 
was fi xed with a polymethylmethacrylate bone cement (Palacos®, 
Biomet Inc., Warsaw, USA) into the medullary space of the remaining 
bone stump. (Fig 1 & 2). 
Figure 1: Modular endoprosthesis consisting of two separate 
modules
Figure 2: Assembled modular 
endoprosthesis in-situ
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Four monkeys were sacrifi ced aft er three months and another four 
monkeys were sacrifi ced aft er six months postoperatively. A perfusion 
fi xation method was used as described previously.3 Th e operated side 
of the mandible was then harvested with the endoprosthesis still within 
the glenoid fossa at the superior end and the stump of the mandible at 
the inferior end.
Microcomputed Tomography (Micro-CT) imaging and analysis
Th e specimens containing the stem portion were scanned using the 
Skyscan® 1072 (Skyscan®, Aartselaar, Belgium) micro-CT device, with 
a focal spot of 6μm and pixel size of 18μm. Th e specimens were fi xed 
by the sample holder and placed in the micro-CT specimen chamber. 
Transmitted X-rays were absorbed and transformed into light by 
a phosphorous screen. Light was then detected by a CCD camera, 
consisting of a 2-D 512X512 array of pixels. Th is digitized signal was 
then transferred to a PC, on which the micro-CT slices were recorded 
and reconstructed. 
Th e micro-CT slices were reconstructed perpendicular to the long axis 
of the stem and analysed using the CT Analyser soft ware (Skyscan®, 
Aartselaar, Belgium). Th ree circular regions of interest (ROI) with 
standardized diameter of 0.52mm were selected for each specimen. 
Th ese were located 1.5mm away from 
the midpoint along the surface of the 
stem in the buccal, lingual and inferior 
aspects (Fig 3).  Selection of an ROI in 
the superior aspect was not done, as 
frequently, a tooth was present in this 
area. In cases where the cement in the 
micro-CT slice was seen to be within the 
ROI, the latter was manually moved to 
Figure 3: Diagram showing the 
buccal, lingual and inferior ROIs at 
the bone-cement interface for BM (%) 
calculations. S: Stem of endoprosthesis; 
BCI: Bone-cement interface
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the immediate adjacent area, so as to exclude the cement. Th e ROI was 
interpolated through each slice extending from the stem-body junction 
to the distal end of the stem, forming the volume of interest (VOI) for 
analysis. To select the area for bone, a bone-defi ning threshold was set 
manually and kept constant for all the images. Th e percentage bone 
volume (BV %) was then calculated using the soft ware for each of the 
three VOIs of the specimens.
Histology
Aft er micro-CT imaging, the tissue blocks were dehydrated in a 
graded series of ethanol, embedded in methyl methacrylate resin 
and polymerized. Th e tissue blocks with implants were mounted in 
a modifi ed inner circular saw microtome (Leica® RM 2165, Wetzlar, 
Germany), and 10μm thick sections were prepared. Sections were 
made at the stem and the ramus, perpendicular to the long axis of the 
prosthesis (Fig 4). Th e sections were stained with methylene blue and 
basic fuchsin for histologic and histomorphometric analyses.
Figure 4: Lines showing 
the locations of the three 
histologic sections at the 
stem and ramus of the 
endoprosthesis
Histologic and histomorphometric analyses
A light microscope (Leica®, Rijswijk, the Netherlands) was used for 
histologic evaluation that included a general description of the tissues 
surrounding the implant for both the stem and ramus specimens. 
Histomorphometric analysis was performed by two observers (GBT, 
SL). A modifi ed hard tissue grading scale14 was used to quantify the 
histologic fi ndings of the stem sections (Table 1), while a modifi ed soft  
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tissue grading scale14 was used for the ramus sections (Table 2). Th e 
total score of each sample was calculated. When gradings by the two 
observers diff ered, a consensus was reached aft er discussion. 
Table 1
Hard Tissue Histologic Grading Scale
Reaction  zone Response Score
Interface quality Direct bone-to-cement contact without soft  
tissue interlayer
Remodelling lacuna with osteoblasts and/or 
osteoclasts at surface
Localized fi brous tissue not arranged as a 
capsule
Fibrous tissue capsule
Infl ammation
4
3
2
1
0
Infl ammatory zone 
quantity
0-4 cell layers
5-9 cell layers
10-30 cell layers
>30 cell layers
Not applicable
4
3
2
1
0
Foreign body reaction 
zone quantity
0 cell layers
1-9 cell layers
10-60 cell layers
>60 cell layers
Not applicable
4
3
2
1
0
Foreign body reaction 
zone quality
Direct bone-to-cement contact without 
intervening tissue layer
Reactive tissue is fi brous, showing fi broblasts 
and collagen
Reactive tissue is granulous, containing both 
fi broblasts and many infl ammatory cells
Reactive tissue consists of masses of 
infl ammatory cells with little or no signs of 
connective tissue organization
Cannot be evaluated because of infection or 
other factors not necessarily related to the 
material
4
3
2
1
0
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Table 2
Soft  Tissue Histologic Grading Scale
Interface quality Fibroblasts contact the cement surface 
without the presence of macrophages or 
foreign body giant cells
Scattered foci of macrophages and foreign 
body cells are present
One layer of macrophages and foreign body 
cells are present
Multiple layers of macrophages and foreign 
body cells are present
Cannot be evaluated because of infection or 
other factors not necessarily related to the 
material
4
3
2
1
0
Foreign body reaction 
zone quantity
0-4 cell layers
5-9 cell layers
10-30 cell layers
>30 cell layers
Not applicable
4
3
2
1
0
Foreign body reaction 
zone quality
Reactive tissue is fi brous, mature, not dense, 
resembling connective or fat tissue in the 
noninjured regions
Reactive tissue is fi brous but immature, 
showing fi broblasts and little collagen
Reactive tissue is granulous and dense, 
containing both fi broblasts and many 
infl ammatory cells
Reactive tissue consists of masses of 
infl ammatory cells with little or no signs of 
connective tissue organization
Cannot be evaluated because of infection or 
other factors not necessarily related to the 
material
4
3
2
1
0
Total bone contact (TBC) (%) at the bone-cement interface was 
quantifi ed by means of a microscope (Leica®, Rijswijk, the Netherlands) 
connected to a PC that was equipped with a video and image-analysis 
system (Q-win; Leica®, Wetzlar, Germany). It was calculated by the 
formula:
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TBC (%)   =               [ total length of bone contact ]
  _________________________________      X  100
                                  [ total length of cement surface ]
Quantitative measurements were made for at least three sections of 
the stem and ramus and the results were presented as an average of 
the measurements.
Statistical analysis
Th e means and standard deviations of the BV %, hard tissue and soft  
tissue grading scores and TBC % were calculated. Subsequently, the 
results of the three-month and six-month samples were compared for 
signifi cant diff erences (P < 0.05) using the unpaired Student’s t-test 
or the one-way analysis of variance (ANOVA) with post-hoc Tukey 
testing. Statistical analysis was carried out using the InStat® version 3 
(Graphpad Soft ware Inc., San Diego, USA).
 Results
Micro-CT
Th e metal stem could clearly be distinguished on the micro-CT slices, 
whilst the demarcation between cement and bone was sometimes less 
obvious. In most specimens, however, a thin hypodense line separated 
the two areas, this being the 
fi brous capsule that was observed 
on histology (Fig 5). 
Figure 5: Micro-CT scan of 
a six-month specimen. T: Tooth; 
S: Stem of endoprosthesis; BCI: 
Bone-cement interface; C: 
Cement; B: Bone of mandibular 
stump
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Th e mean BV % is presented in Table 3. Within each of the three- 
and six-month groups, the buccal, lingual and inferior BV % were not 
signifi cantly diff erent. Comparing the three and six-month groups, 
the BV % of the latter group seemed to be higher at the buccal, lingual 
and inferior regions but the observed diff erences were not statistically 
signifi cant. Th e combined (buccal, lingual and inferior regions) mean 
BV % of the six-month group, however, was signifi cantly higher than 
that of the three-month group (P < 0.05).
Histology
Sections containing the stem revealed a space between the stem 
and surrounding tissues. Th is area was previously occupied by bone 
cement, which had disappeared during histological preparation. 
Within this space, metallic debris resulting from the diamond saw 
sectioning procedure could be seen. In the majority of the specimens, 
a fi brous tissue capsule was observed that surrounded the bone 
cement completely (Fig 6). However in two specimens, one in the 3-
month group and one in the six-month group, the fi brous capsule was 
incomplete, with bone contact to the cement at those surfaces where 
it was absent. In another six-month specimen, no fi brous capsule was 
seen and there was bone-cement contact almost all around at the 
interface. In this specimen, strands of bone were noted within the 
cement space. Th is resulted from incomplete fi lling of the marrow 
space by cement due to bleeding or surface porosity of the cement 
and the surface pores became fi lled with bone tissue over time (Fig.7). 
Th e fi brous capsule was generally thinner and less extensive in the six-
month group. Infl ammatory cells were observed at the cement surface 
in all specimens, but generally less pronounced in the six-month 
specimens than the three-month specimens. In all specimens, newly 
formed bone was noted adjacent to the interface and at the external 
cortical surfaces of the stump.
In sections containing the prosthetic ramus, the three-month 
specimens showed a thick fi brous capsule around the metal. Direct 
contact of the fi brous capsule to the metal surface was noted in some 
areas. No direct attachment of muscle to the prosthesis, however, was 
seen. An abundance of infl ammatory cells was seen in all of the three-
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Figure 6: Histologic section of the stem region in a three-month 
specimen. S: Stem of endoprosthesis; C: Cement; NB: New bone; BCI: 
Bone-cement interface; FC: Fibrous capsule, IC: Infl ammatory cells ( 
Methylene blue and basic fuchsin x16 ).
Figure 7: Histologic section of the stem region in a six-month 
specimen. S: Stem of endoprosthesis; C: Cement; NB: New bone; BCI: 
Bone-cement interface; BS: Bone strands extending into cement space 
(Methylene blue and basic fuchsin x16 )
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month specimens (Fig 8), except for one, which had few infl ammatory 
cells. Th is same specimen also had few infl ammatory cells at the stem 
region. Occasionally, new bone was seen in some areas close to the 
body of the ramus module. In the six-month specimens, the fi brous 
capsule was less thick and the infl ammatory response was very much 
reduced compared to the three month specimens. In some of these 
specimens, bone grew close to or in contact with the metal surface of 
the body of the ramus module. In one specimen, bone was even seen 
within the slot in the body part of the module. (Figs 9, 10 and 11)
Figure 8: Histologic section of the ramus region in a three-month 
specimen. R: Ramus of endoprosthesis; FC: Fibrous capsule; IC: 
Infl ammatory cells (Methylene blue and basic fuchsin x25 )
Figure 9: Histologic section 
of the ramus region in a six-
month specimen. R: Ramus of 
endoprosthesis; FC: Fibrous 
capsule; NB: New bone (Methylene 
blue and basic fuchsin x25)
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Histomorphometry
Th e mean hard tissue grading scores for the stem-containing, three-
month specimens were 0.5 ± 1.0 for interface quality, 2.1 ± 1.3 for 
infl ammatory zone quantity, 2.1 ± 0.7 for foreign body reaction zone 
quantity and 2.1 ± 0.7 for foreign body reaction zone quality. Th e mean 
total score for the three-month group was 6.8 ± 3.6. Th e mean hard 
tissue grading scores for the stem-containing, six-month specimens 
were 1.3 ± 1.8 for interface quality, 3.1 ± 1.4 for infl ammatory zone 
quantity, 2.8 ± 1.0 for foreign body reaction zone quantity and 3.1 ± 
0.7 for foreign body reaction zone quality. Th e mean total score for the 
six-month group was 10.3 ± 4.4. Th e six-month specimens showed 
higher scores for all categories. Th e diff erences, however, were not 
statistically signifi cant (Fig 12).
Figure 10: Histologic 
section of the ramus region 
in a six-month specimen, 
showing bone contact with 
metal in an area. R: Ramus 
of endoprosthesis; NB: New 
bone ( Methylene blue and 
basic fuchsin x25 ) 
Figure 11: Histologic 
section of the body ramus 
region in a six-month 
specimen, showing bone 
within the slot and bone in 
contact with the external 
surface of the module.  R: 
Ramus of endoprosthesis; 
NB: New bone (Methylene 
blue and basic fuchsin x16 )
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Th e mean soft  tissue grading scores for the prosthetic ramus, three-
month specimens were 1.8 ± 1.5 for interface quality, 1.2 ± 0.3 for 
foreign body reaction zone quantity and 2.3 ± 0.5 for foreign body 
reaction zone quality. Th e mean total score for the three-month group 
was 5.2 ± 2.3. Th e mean soft  tissue grading scores for the prosthetic 
ramus, six-month specimens were 4.0 ± 0.0 for interface quality, 1.1 ± 
0.2 for foreign body reaction zone quantity, 3.0 ± 0.0 for foreign body 
reaction zone quality. Th e mean total score for the six-month group 
was 8.1 ± 0.2. Th e six-month specimens showed higher scores for all 
the categories except for foreign body reaction zone quantity. Only the 
diff erence in the total scores between the three and six-month groups 
was statistically signifi cant (P < 0.05) (Fig 13).
Figure 12: Hard tissue histologic grading score of the three and six-
month specimens 
Legend:
Interface Ql: Interface quality
Infl am Qn: Infl ammatory zone quantity
FB Qn: Foreign body reaction zone quantity
FB Ql: Foreign body reaction zone quality
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Figure 13: Soft  tissue histologic grading score of the three and six-
month specimens 
Legend
Interface Ql: Interface quality
FB Qn: Foreign body reaction zone quantity
FB Ql: Foreign body reaction zone quality
TBC % was calculated for the three samples that had incomplete or 
no fi brous capsule and where bone contact with the cement surface 
was noted.  One three-month specimen had a mean TBC of 47.0%, 
and two six-month specimens had a mean TBC of 85.2% and 15.4% 
respectively.
 Discussion
As reported previously, the clinical and radiographic results of this 
study were satisfactory, in that the animals functioned well with good 
intercuspidation, without signifi cant change in interincisal opening 
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and the temporomandibular joints were able to move freely. Two 
monkeys presented with fi stulae at the operated area one month post-
operatively, but this resolved with a short course of intramuscular 
amoxicillin. At 3 months, a 0.5-1mm linear radiolucency was noted 
at the interface between the cement and the bone marrow space in 
these two monkeys; whereas at 6 months, none of the four animals 
showed any radiolucencies. New bone formation from the edge of 
the mandibular stump extending towards the inferior aspect of the 
endoprosthesis was noted in the radiographs of four specimens (50%). 
Heterotopic bone formation was seen surrounding the prosthetic 
ramus in all radiographs at 3 and 6 months3. 
Comparing the results of the micro-CT assessment of the three and six 
month groups, the bone-cement interface of the six-month specimens 
showed an increase in BV % in the buccal, lingual and inferior sites 
(Table 3). It is known from studies on long bones, that following 
insertion of a cemented endoprosthesis, bone immediately adjacent 
to the implant undergoes necrosis, whilst a blood clot is formed at 
the interface. Th is blood clot will be organized beginning already 
in the fi rst 48 hours. Th is is followed by revascularisation and bone 
healing. Th e increase in BV % from three to six months, in this study, 
confi rms that over time, new bone formation and maturation at the 
peri-implant region took place. Th is was only possible in the absence 
of major infection or foreign body response. 
Table 3
Bone volume percentage (BV %) at the interface of three and six-
month specimens
                                                    BV % 
Buccal Lingual Inferior Combined 
(Buccal, 
Lingual 
and 
Inferior )
3 months 
Mean (SD)
72.81 
(22.37)
80.15 
(14.47)
70.51 
(19.25)
74.49 
(17.69)
6 months
Mean (SD)
92.94 
(7.59)
91.95 
(7.77)
89.03 
(16.50)
91.31 
(10.46)
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Diff erences between the three and six-month specimens were also 
noted on histology. Th e early infl ammatory response as seen in the 
three-month specimens was an expected reaction to surgery and 
implantation of a foreign body, which in this case consisted of bone 
cement and endoprosthesis. Two of these three-month specimens had 
presented with fi stulae and a thin radiolucent line surrounding the 
bone-cement interface postoperatively. Th e histology, which showed 
an abundance of infl ammatory cells, correlated well with the clinical 
and radiographic fi ndings. In general, much reduced infl ammatory 
response and more abundant bone formation around the stem were 
noted in the six-month samples. Th is was confi rmed quantitatively by 
the hard tissue scoring system, whereby the six-month specimens had 
better scores. Signs of resolution of the infl ammatory response over 
time support the notion that the components of the system, including 
the cement, are rather biocompatible. 
Apart from biocompatibility, stability of the system is also an important 
factor that will determine the long term success of the reconstruction. 
Periprosthetic osteolysis is a well-known complication of cemented 
endoprostheses in long bones, which can eventually result in aseptic 
loosening.15 Loosening rate of more than 10% has recently been 
reported up to 30 years following orthopedic joint replacements.16 
Th e mechanism by which this phenomenon takes place is not fully 
understood. Some authors suggest that osteolysis occurs fi rst and 
movement of the prosthesis is a secondary event.17,18 Others, however, 
believe osteolysis is secondary to movement of the endoprosthesis 
within the cement mantle.19 Th is movement may give rise to pressure 
fl uctuations, which may lead to osteolysis 20,21 and also act to distribute 
wear debris around the prosthesis. Roentgen stereophotogrametric 
analysis (RSA) studies have shown that all implants in long bones 
undergo subsidence or “settling” of the endoprosthesis in the 
fi rst 6 months aft er implantation.22 Th e exact reason for the early 
stem migration remains uncertain and has been suggested to be a 
consequence of bone remodeling23, cement creep, porosity or cracks.24 
Rapid subsidence is a defi nite sign of loosening of the implant. 
Th ere are three components within a cemented endoprosthesis 
system that are inter-dependent in maintaining implant stability. Th ey 
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are the bone-cement interface, the cement mantle and the cement-
prosthesis interface. In this study, only the bone-cement interface 
could be evaluated as the cement had been removed during histologic 
preparation. It has been found in studies of endoprostheses in long 
bones that direct bone contact at the bone-cement interface does 
not occur in most cases and that a thin “fi brous membrane” may 
surround part or the entire cement mantle25-29 Various theories have 
been proposed to explain the formation of this “fi brous membrane” 
including monomer toxicity, exothermic reaction of the PMMA 
cement, biologic reaction to wear particles and mechanical factors 
such as micromotion.15  Implant movement is a negative stimulus for 
bone ingrowth and a positive stimulus for fi brous tissue formation.30 
Relative motion between the prosthesis and the host bone greater than 
150 μm has been shown to result in connective tissue formation at 
the bone interface of uncemented porous implants.31 For cemented 
devices, adequate penetration of cement into cancellous bone improves 
stability and possibly reduces the eff ects of micromotion by providing 
a “micro-interlock” or interdigitation between the cement and bone.32 
In this study, direct bone contact at the interface was seen in three 
out of eight specimens, implying that implant stability had been 
achieved in these monkeys, under functional loading. In the other fi ve 
specimens, however, the cement mantle was surrounded completely 
by a fi brous capsule. Th e formation of the fi brous tissue at the interface 
is an indication that some degree of micromotion probably existed 
in the system. It is known from experience with orthopaedic devices, 
however, that a thin “fi brous membrane” is frequently present without 
causing any functional problems.33 Likewise in this study, there was 
no case of loosening or signifi cant migration of the endoprosthesis. 
In periprosthetic osteolysis the radiolucent line at the bone-cement 
interface increases progressively with time. Th e “fi brous membrane” 
associated with periprosthetic osteolysis produces enzymes and 
cytokines that cause an increase in osteoclastic activity, resulting 
in continued bone resorption.15 In this study, the increase in bone 
volume, decrease in infl ammatory activity and decrease in thickness 
of the fi brous capsule in the six-month specimens compared to the 
three-month specimens attest to the fact that there was no progressive 
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osteolytic activity in the periprosthetic region. Longer term studies, 
however, may be necessary to prove this more convincingly. 
In the prosthetic ramus region, there was an improvement of the soft  
tissue scores from three to six months. Th ere was a much reduced 
infl ammatory response in the six-month specimens, but a thick 
fi brous capsule enveloping the metallic ramus was still evident. Th e 
muscles, however, were not directly attached to the metal, as could be 
expected. 
In conclusion, the results of this micro-CT and histologic study appears 
to confi rm the hypothesis, that there was satisfactory bone growth at 
the bone-cement interface at the stem region, although direct bone 
contact with the cement was not achieved in all cases. Soft  tissue 
contact with the prosthetic ramus, in the form of a fi brous capsule, was 
present in some areas. At six months, there was minimal interfacial 
infl ammation in this monkey model. A limitation of this study that 
is worth mentioning is that the chewing pattern of monkeys is rather 
diff erent from human beings, in that lateral movement is minimal.34 
Functional loading of the prosthesis can therefore be diff erent as 
compared to humans.
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 Introduction
Th e application of a mandibular endoprosthesis, to reconstruct lost 
parts of the mandible in Macaca fascicularis, has been reported 
previously.1-4 Th is part of the study aims to evaluate the bone mineral 
density (BMD) of the mandible in the peri-implant region at three 
and six months following placement of a condyle – ascending ramus 
endoprosthesis. Th e endoprosthesis is a metal device that is fi xed with 
bone cement within the medullary space of the remaining bone stump, 
without the need for screw-fi xation.5 A modular system consists of 
diff erent components of various dimensions that can be assembled 
together as to fi t a defect.6,7  Although this method of reconstruction 
has been used in orthopedic surgery for more than a century, with long 
term success8, it is a novel technique for mandibular reconstruction.
Stress-related bone resorption is known to occur to some extent around 
all hip and knee joint endoprostheses, especially within the fi rst six 
months.9-15 Th is stress-shielding phenomenon has also been described 
in the mandible, e.g.  stress-shielding observed due to changes in strain 
patterns in the region adjacent to rigid fi xation plates and screws.16,17 
It is a fundamental mechanical principle that when two diff erent 
materials are joined, the stiff er material bears the majority of the load. 
On the basis of Wolf ’s law, bone mass increases in areas under loading 
and decreases in unloaded areas.18 When a rigid metal device is placed 
into bone, it deprives the latter of physiologic stress and, thus, causes 
bone resorption due to disuse atrophy. Th e loss of bone mass due to 
stress shielding is mechanically induced and typically manifests as 
either cortical thinning or as a more diff use decrease in peri-implant 
bone density.19 Bone loss is of interest as it can potentially result in 
loosening of the implant and peri-implant bone fracture. 
Th e current study assesses whether the fi xation of a condyle – ascending 
ramus mandibular modular endoprosthesis, using bone cement, will 
result in stress-related bone resorption. Th e hypothesis is that there will 
be a reduction in bone density around the implant between 3 months 
and 6 months aft er placement, based on the fi ndings in orthopedic 
devices. 
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 Material and Methods
Eight male, adult monkeys (Macaca fascicularis) of about 4 years of age, 
weighing approximately 3.5 kg were used in this study. Th e monkeys 
had all molars erupted except for the third molar. Permission to carry 
out the study was granted by the Institutional Animal Care and Use 
Committee of SingHealth in Singapore. Th e animal laboratory has 
been certifi ed by the International Association for the Assessment of 
Laboratory Animal Care.
Details of the fabrications of the endoprosthesis and the surgical 
technique have been published previously.4 In brief, the right condyle 
and ascending ramus were resected in the eight monkeys under general 
anesthesia and replaced by a two-piece modular endoprosthesis, that 
was fi xed with a polymethylmethacrylate bone cement (Palacos®, 
Biomet Inc., Warsaw, USA) into the medullary space of the remaining 
bone stump. (Fig 1 & 2). 
Fig 1. Modular endoprosthesis consisting of two separate modules
Fig 2. Assembled modular 
endoprosthesis in-situ
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Four monkeys were sacrifi ced aft er three months and another four 
monkeys were sacrifi ced aft er six months postoperatively. A perfusion 
fi xation method was used as described previously.4 Th e operated side 
of the mandible was then harvested with the endoprosthesis still within 
the glenoid fossa at the superior end and the stump of the mandible at 
the inferior end.
 BMD measurements 
Aft er retrieval, BMD was measured in the region anterior to the stem 
using dual energy x-ray absorptiometry (DEXA) and in the buccal, 
lingual and inferior regions adjacent to the stem using microcomputed 
tomography (micro-CT).
1) Dual Energy X-Ray Absorptiometry (DEXA)
Specimens containing the endoprosthesis were scanned using the 
Hologic® QDR Discovery DEXA scanner (Hologic Inc., Bedford, MA, 
USA). A collimated, fan-shaped beam of x-rays, which alternated 
between 100 kVp and 140 kVp, was generated. Th is dual-energy 
scheme allowed soft  tissue within the selected area to be subtracted, 
leaving only bone to be scanned for mineral content. Hologic soft ware, 
Apex version 2.3, was used to administer all the scans. As DEXA is a 2-
dimensional scan, BMD is defi ned as the amount of bone mineral per 
unit area of bone tissue (g/cm2). BMD of the 3 and 6 months specimens 
was analysed, using the lumbar spine analysis algorithm, by defi ning 
two 7mm X 7mm square 
regions of interest (ROIs) at 
2mm (R1) and 11mm (R2) 
anterior to the anterior margin 
of the stem (Fig 3).
Fig 3. DEXA scan of a six 
month specimen showing the 
ROIs, R1 and R2, anterior to 
the stem.
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Aft er DEXA, the specimens were sectioned anterior and posterior to 
the stem. Only the portion containing the stem was used for micro-
CT analysis.
2) Microcomputed Tomography (Micro-CT)
Th e specimens containing the stem portion were scanned using the 
Skyscan® 1072 (Skyscan®, Aartselaar, Belgium) micro-CT device, with 
a focal spot of 6μm and pixel size of 18μm. Th e specimens were fi xed 
by the sample holder and placed in the micro-CT specimen chamber. 
Transmitted X-rays were absorbed and transformed into light by 
a phosphorous screen. Light was then detected by a CCD camera, 
consisting of a 2-D 512X512 array of pixels. Th is digitized signal was 
then transferred to a PC, on which the micro-CT slices were recorded 
and reconstructed. In addition, calibration rods with standardized 
BMD (0.25 g/cm3 and 0.75g/cm3) were scanned as reference.
Th e micro-CT slices were reconstructed perpendicular to the long 
axis of the stem (Fig 4) and analysed using the CT Analyser soft ware 
(Skyscan®, Aartselaar, Belgium). Six circular ROIs with standardized 
diameter of 0.52mm were selected for each specimen. Th ree were 
located in the trabecular bone always 1.5 mm away from the midpoint 
along the surface of the stem in the buccal (Tr-buccal), lingual (Tr-
lingual) and inferior (Tr-inferior) aspects and the other three were 
located in the cortical bone at the external surface of the mandible 
at the corresponding buccal (Ctx-
buccal), lingual (Ctx-lingual) and 
inferior (Ctx-inferior) aspects (Fig 
5).  Selection of ROIs in the superior 
aspect was not done as frequently 
a tooth was present in this area. 
Fig 4. Micro-CT of a six-month 
specimen (T: Tooth; S: Stem of the 
endoprosthesis; BCI: Bone-cement 
interface; C: Cement;  B: Bone of 
mandibular stump)
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Each ROI was interpolated in every slice extending from the stem-
body junction to the distal end of the stem, forming the volume of 
interest (VOI) for analysis of BMD. Th e micro-CT is a 3 – dimensional 
volumetric scan and therefore BMD is defi ned as the amount of bone 
mineral per unit volume of bone tissue (g/cm3). It was calibrated using 
hydroxyapatite (HA) Ca10(PO4)6(OH)2 calibration rods with known 
BMD (0.25 g/cm3 and 0.75 g/cm3) and a Hounsfi eld unit calibration to 
water and air density. A diff erent binarisation was used for trabecular 
and cortical bone VOIs. For trabecular bone, the whole of the grey 
level spectrum was used and the mean (total) value for density, which 
is an average of trabecular bone and bone marrow, was assessed. For 
the cortical bone, the binarisation limits, that binarised the cortical 
bone and excluded the soft  tissue, was used and the restricted mean 
value for BMD was obtained. 
Statistical Analysis
Statistical analysis was carried out using SPSS 15.0 soft ware. For 
analysis, the BMD means and medians were calculated. Subsequently, 
Mann-Whitney U test was used to compare independent sample 
medians and Wilcoxon signed rank test was used to compare related 
Fig 5. Diagram 
showing the cortical 
and trabecular 
ROIs at the buccal, 
lingual and inferior 
aspects around the 
stem for the BMD 
measurement using 
micro-CT. Stem: stem 
of endoprosthesis; 
BCI: Bone-cement 
interface
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sample medians. P-value less than 0.05 was considered as statistically 
signifi cant. However, conclusions of statistical signifi cance should be 
drawn with caution due to the small sample size. 
 Results
 
BMD results of the 3 months and 6 months specimens, obtained using 
DEXA, are shown in Table 1. Statistical evaluation revealed that there 
was no signifi cant diff erence in BMD measurements between the 
3 and 6 months samples at both R1 and R2. Furthermore, pairwise 
comparisons conducted using Wilcoxon Signed Rank test showed that 
BMD at R1 was not signifi cantly diff erent from R2.
Table 1 BMD (g/cm2 ) of the region anterior to the stem as measured 
using DEXA
BMD results of the 3 and 6 months specimens, obtained from micro-
CT analysis, are shown in Table 2. Th e results seemed to indicate that 
all the micro-CT BMD measurements at 3 months were higher than 
those at 6 months, but statistical testing proved that Tr-inferior and Ctx-
inferior at 3 months were signifi cantly higher than their corresponding 
measurements at 6 months (p =0.029 and 0.042 respectively). Pairwise 
comparisons conducted using Wilcoxon Signed Rank test showed that 
the BMD measurements at the trabecular (Tr) VOIs were signifi cantly 
higher than the corresponding cortical (Ctx) VOIs at the lingual (p 
= 0.018) and inferior (p = 0.023) regions. Th ere was no signifi cant 
diff erence in BMD between Tr-buccal, Tr-lingual and Tr-inferior or 
between Ctx-buccal, Ctx-lingual and Ctx-inferior.
Scatter plots of the DEXA and micro-CT BMD results of the 3 and 6 
months groups are presented (Fig 6 and 7).
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Table 2 Cortical and trabecular BMD (g/cm3) of the buccal, lingual 
and inferior regions adjacent to the stem as measured using micro-CT
Fig 6 Scatter plot of BMD of the 3 months and 6 months specimens 
measured by DEXA at the region anterior to the stem.
166
Fig 7 Scatter plot of the trabecular (Tr) and cortical (Ctx) BMD of 
the 3 months and 6 months specimens measured by the micro-CT at the 
buccal, lingual and inferior regions adjacent to the stem. 
 Discussion
Assessment of bone loss on plain radiographs is unreliable since the 
loss is not always recognised until 70% of the bone is resorbed.20 
Using DEXA, BMD can be determined with higher precision.21,22 It 
is a relatively non-invasive technique for measuring bone mineral 
content and is the most common investigation method used clinically 
for assessment of osteoporosis and monitoring of periprosthetic bone 
remodelling following hip and knee arthroplasty. Th e use of DEXA has 
also been described for the measurement of mandibular bone density 
ex vivo and in vivo.23 In the present study, DEXA adequately measured 
the BMD in the region anterior to the stem. Th e limitations of DEXA, 
however, are that it is a two dimensional measurement of bone density 
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in a three dimensional object and, therefore, does not distinguish 
between BMD of cortical and trabecular bone. In the region adjacent 
to the stem, micro-CT was used for a more detailed measurement of 
BMD.24 With the help of micro-CT, serial cross-sectional images of 
high resolution through the stem portion can be created for an accurate 
determination of VOIs. From these, three dimensional volumetric 
measurement of BMD along the entire length of the stem can be done 
separately for cortical and trabecular bone.
Th e decrease in peri-implant BMD in the buccal, lingual and inferior 
aspects of the bone around the stem, in the 6 months specimens as 
compared to the 3 months specimens, was expected based on fi ndings 
around orthopedic devices.9-15 Th e decrease in BMD, however, was 
minimal, ranging from 1.8% in the Tr-lingual aspect to 5.8% in the 
Ctx-inferior aspect. It was statistically signifi cant only in the inferior 
trabecular and cortical regions, implying that the stress-shielding 
eff ect of the metallic implant was greatest in the inferior aspect of the 
mandible. During incisor biting, the body of the mandible is bent along 
its longitudinal axis so that the inferior border is in compression.25 It 
can be expected that the stem of the endoprosthesis will shield the 
region directly inferior to it and reduces the amount of compressive 
bone strain. Results of the study also showed that the BMD of the 
trabecular VOIs was higher than that of the corresponding cortical 
VOIs. Th is could be due to the fact that following placement of 
the endoprosthesis, abundant new bone formation  was observed 
histologically on the external surface of the mandible, as reported in 
our previous study.26 Th erefore, the VOIs defi ned for cortical bone 
(Ctx-buccal, Ctx-lingual and Ctx-inferior)   were supposed to consist 
of immature bone that  had not fully mineralised. 
BMD in the region anterior to the stem of the endoprosthesis showed 
no signifi cant change at 3 and 6 months post-operatively as was 
assessed by DEXA. Th is implies that the endoprosthesis did not evoke 
a stress-shielding eff ect on the mandibular bone stump distal to the 
stem. 
Stress shielding eff ects in the mandible have been described following 
rigid internal fi xation.  A case report described a fracture of the 
mandible possibly subsequent to weakening of the mandible due to 
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stress shielding by a bone plate used to treat a gunshot injury.27 Studies 
have shown statistically signifi cant alterations in strain patterns 
following plating of the mandible and a reduction of bone strain 
of up to 53% in the region of the mandible inferior to thick bone 
plates.16,17  Kennady et al 28,29 reported a trend towards a decrease in 
bone density, trabecular bone volume and trabecular bone formation 
where mandibular continuity defects in monkeys were treated with 
bone graft s and rigid fi xation plates. Stiff er plates were shown to result 
in signifi cantly higher bone loss.30 Dechow et al16, however, found 
no signifi cant diff erences in structural or mechanical measurements 
between mandibles fi xed with 2.5 mm thick stainless steel dynamic 
compression plates or 0.5 mm thin stainless steel plates in unoperated 
mandibles. Th e study concluded that a reduction in strain following 
rigid fi xation had little or no impact on the long-term quality of 
mandibular bone. Th e plates used in this study, however, were smaller 
than those used by Kennady et al.28,29
In the orthopedic literature, the greatest peri-implant bone loss has 
been found during the fi rst three to six months following hip or knee 
replacements. Th ereaft er, BMD stabilises and a plateau stage seems to 
be reached.9-15 Studies have shown up to 40% resorption in the peri-
implant region.31,32 Progressive recovery in BMD has been reported 
from two to ten years.33 Based on these reports, it is unlikely that 
the decrease in BMD, as presented in our study, would continue 
signifi cantly aft er 6 months. 
Th e extent of resorption varies with diff erent implant materials and 
designs. A mismatch in stiff ness between the implant material and 
bone is the main factor causing stress shielding, but also implant size, 
method of fi xation and the amount and direction of loading can have 
an eff ect.19,34,35 Th is phenomenon has been described most oft en with 
uncemented stems, but remodelling has also been observed, to a lesser 
degree, around stable cemented stems.9,15,35-37 Titanium alloy was used 
for the fabrication of the endoprosthesis as used in this study, which 
has an elastic modulus about half that of stainless steel and cobalt alloys 
and, therefore, allowed a reduction in the stiff ness of the implant. Th e 
use of a modular design and cement fi xation also reduced the rigidity 
of the system, which obviously decreased the stress-shielding eff ect.
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In conclusion, the results of this study support the hypothesis in that 
there was a reduction in bone density around a modular mandibular 
endoprosthesis between three and six months aft er placement, as 
observed in the buccal, lingual and inferior aspects of the stem-bearing 
region of the mandible, while no bone remodelling was seen in the 
region distal to the stem. Th e loss of bone density around the stem was 
minimal and had not resulted in any adverse clinical events such as 
loosening of the implant or mandibular fracture in the duration of the 
study.4 Longer term studies are being done to confi rm these fi ndings.
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 Introduction
Evaluation of the prosthesis – host tissue interfaces at the stem and 
prosthetic ramus regions, following reconstruction with a condyle – 
ascending ramus endoprosthesis in Macaca fascicularis, has previously 
been reported.1 Th is part of the experiment focuses on the study of the 
temporomandibular joint (TMJ), including the prosthetic condyle of 
the endoprosthesis and the fossa. 
Alloplastic TMJ replacements have been used for many decades. 
Currently available systems include stock devices, such as the 
Christensen TMJ prosthesis (TMJ Implants Inc., Golden, CO) and the 
Lorenz prosthesis (W. Lorenz Surgical, Jacksonville, FL), and custom 
made TMJ prostheses (TMJ Concepts Inc., Ventura, CA).2 Th ey have 
mostly been indicated for use in patients with severe TMJ disorders, 
and less commonly for patients who underwent tumor resection. 
Unlike other available alloplastic condylar replacement systems, the 
endoprosthesis3-5 is fi xed with bone cement6 within the medullary 
space of the remaining mandibular stump, without the need for screw-
fi xation. A modular system consists of diff erent components of various 
dimensions, that can be assembled together to fi t a defect.7-9  
Severe erosion of the fossa resulting in penetration of the alloplastic 
condylar head into the middle cranial fossa has been reported 
following TMJ reconstruction.10-14 To prevent this uncommon but no 
doubt serious complication, most of the currently available systems 
consist of a condylar prosthesis and a fossa-eminence prosthesis, 
to form a total joint replacement. Erosion of the glenoid fossa has 
more oft en been observed when the condyle prosthesis was used for 
treatment of TMJ disorders rather than in tumor cases.10,15,16 Th is 
is probably because a sizeable condyle/ramus segment is usually 
removed in cases of  tumor resection and as a result the maximal 
biting force and subsequent compressive stress on the glenoid fossa 
are strongly reduced.17  An intact disc can usually also be preserved in 
these cases. Th e mandibular modular endoprosthesis is developed as 
a device for reconstruction following ablative surgery. Hence, in this 
study, the metallic condyle is designed to articulate against an intact 
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natural cartilage disc and fossa. Th e hypothesis is that mandibular 
reconstruction in Macaca fascicularis using a condyle – ascending 
ramus modular endoprosthesis, without the concomitant use of a fossa 
prosthesis, results in a physiologic condylar replacement with minimal 
or no resorption of the glenoid fossa and minimal or no pathologic 
changes in the articular disc and peri-articular soft  tissues. Th ere 
should also be minimal or no pathologic eff ects on the contralateral 
TMJ.
 Material and Methods
Animal model and surgery
Eight male, adult monkeys (Macaca fascicularis) of about 4 years of age, 
weighing approximately 3.5 kg were used in this study. Th e monkeys 
had all molars erupted except for the third molar. Permission to carry 
out the study was granted by the Institutional Animal Care and Use 
Committee of SingHealth in Singapore. Th e animal laboratory has 
been certifi ed by the International Association for the Assessment of 
Laboratory Animal Care.
Details of the fabrications of the endoprosthesis and the surgical 
technique have been published previously.9 In brief, the right condyle 
and ascending ramus were resected in the eight monkeys under 
general anesthesia, leaving behind the disc in the fossa. Finger 
palpation was performed to check the position of the disc in the fossa. 
Th e resected part of the mandible was then replaced by a two-piece 
modular endoprosthesis, that was fi xed with polymethylmethacrylate 
bone cement (Palacos®, Biomet Inc., Warsaw, USA) into the medullary 
space of the remaining bone stump (Fig 1 & 2). 
Th e monkeys were put on a soft  diet for the fi rst two weeks 
postoperatively. Th ey received 2mg/kg Rimadyl® (Pfi zer, New York, 
USA) s.c., for analgesia for 2 days and 5mg/kg Baytril® (Bayer, 
Leverkusen, Germany) and 15mg/kg amoxicillin s.c. for 5-7 days. 
Four monkeys were sacrifi ced aft er three months and another four 
monkeys were sacrifi ced aft er six months postoperatively. A perfusion 
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fi xation method was used as described previously.9 Th e operated (right) 
side of the mandible was then harvested with the endoprosthesis still 
within the glenoid fossa at the superior end and the stump of the 
mandible at the inferior end. Th e specimens were then sectioned ex-
vivo at the sub-condylar level and the part containing the TMJ was 
used for this study. Th e TMJ on the contralateral (left ) side was then 
harvested en-bloc in these eight animals. To facilitate orientation of 
the specimens during computed tomographic scanning and histologic 
sectioning, a black silk suture was stitched to each specimen to indicate 
the para – sagittal plane. 
In addition to the operated animals, both the right and left  TMJs were 
harvested en-bloc from 3 male, unoperated monkeys of about the same 
age. Th ese specimens served for comparative reasons as controls.
Fig 1. Modular endoprosthesis consisting of two separate modules
Fig 2 Assembled modular 
endoprosthesis in-situ
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Cone beam computed tomography (CBCT) evaluation
Th e specimens were inserted in plastic tubes which were then fi xed 
with plastercine on a scanning platform of the Kavo 3D Exam (Kavo®, 
Biberach, Germany) CBCT machine, using the black silk suture as 
reference for orientation. Th e specimens were scanned at 120 kV, 
37.07 mA, 0.2 voxels resolution, 6 cm fi eld of view and 26.9 seconds 
acquisition time. Th e DICOM images obtained were then imported to 
a PC where 3D reconstruction was performed using the eXam Vision 
soft ware (Kavo®, Biberach, Germany). 
Analysis of the 3D reconstructed image and coronal slices of the 
specimens included a description of the general morphology, the 
presence of any erosion or perforation of the glenoid fossa and the 
presence of any heterotopic bone in the TMJ.
Histological preparation
Aft er CBCT scanning, the metal condyle head of the endoprosthesis 
was carefully removed from the test specimens by dissecting it from 
the surrounding soft  tissues and then rotating it out using a pair 
of heavy artery forceps. Th e specimens were then dehydrated in a 
graded series of ethanol, embedded in methyl methacrylate resin and 
polymerized. Th e tissue blocks were mounted in a modifi ed inner 
circular saw microtome (Leica® RM 2165, Wetzlar, Germany), and 
10μm thick sections were prepared. From each specimen, six sections 
were made in the para – sagittal plane (i.e. parallel to the black silk 
suture), three medial and three lateral to the midline of the specimen. 
Th e sections were stained with methylene blue and basic fuchsin for 
histologic analysis.
Descriptive histology
A light microscope (Olympus® CX31, Tokyo, Japan) was used for 
histologic evaluation. For the glenoid fossa, thickness of the articular 
fi brous and cartilage layers, bone surface morphology and presence 
of bone resorptive activity were studied. For the articular disc, 
position, thickness and presence of collagen banding were noted 
as well as presence of any pathologic changes such as increased cell 
activity, neovascularisation, transformation into fatty tissue and disc 
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fi ssuring or splitting and perforation were identifi ed. Th e presence 
of any metallic debris, infl ammatory response and heterotopic bone 
formation within the joint space were also examined. Sections of the 
reconstructed side were compared with those of the contralateral side 
and controls.
Condyle cartilage thickness, subchondral bone surface morphology 
and bone resorptive activity in the contralateral TMJ of the operated 
monkeys were compared with those of the controls.
Histomorphometry
Two parameters were used to assess the pathological changes as caused 
by the TMJ reconstruction:
1. Condyle cartilage thickness of the contralateral TMJ in the 3 
and 6 months specimens and TMJs of the control specimens was 
measured in a standardised manner. Th e anterior and posterior 
terminations of the condylar fi brocartilage were fi rst identifi ed. 
Th e midpoint between the terminations was the landmark for 
measurement of cartilage thickness, using the Cell A® (Olympus, 
Tokyo, Japan) imaging and histomorphometric soft ware (Fig 3). 
Fig 3 Measurement of 
condyle cartilage thickness
 Th e means and standard deviations of the cartilage thickness were 
calculated. Subsequently, the results of the 3 and 6 months samples 
and the control samples were compared for signifi cant diff erences 
(P < 0.05) using the one-way analysis of variance (ANOVA) with 
post-hoc Tukey testing. Statistical analysis was carried out using 
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the InStat® version 3 (Graphpad Soft ware Inc., San Diego, USA).
2. Heterotopic bone formation in the joint space around the 
prosthetic condyle in each of the reconstructed TMJ specimens 
was quantifi ed using a modifi ed Garrett/ Abbey18 grading scale 
(Table 1).
Table 1: Grading scale for heterotopic bone formation (modifi ed 
from Garrett/ Abbey17)
Grade I Ossifi cation present histologically, but not 
visible on CBCT
Grade II Small islands of ossifi ed material within joint 
space visible on histology and CBCT, but 
without bridging across joint space
Grade III Moderate bone formation within joint space 
visible on histology and CBCT, but without 
bridging across joint space
Grade IV Severe bone formation visible on histology 
and CBCT, with bridging between the 
prosthesis and fossa, but joint space still 
discernable in some parts
Grade V Severe bone formation visible on histology 
and CBCT, with complete bridging between 
the prosthesis and fossa, with no discernable 
joint space 
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 Results
CBCT
Th e control monkeys showed normal morphology of the glenoid fossa 
and condyle. Th e glenoid fossa was bound posteriorly by the post-
glenoid spine and anteriorly by the articular eminence. Th e condyle 
was either within the fossa or slightly displaced anteromedially. Th e 
fossa and condyle always had a dense cortical surface layer of about 
0.5 to 1 mm.
Th e reconstructed TMJ of one 3 month specimen was incompletely 
harvested and, therefore, could not be evaluated. Th e remaining 
three 3 months and four 6 months specimens showed a grossly intact 
glenoid fossa. Th e prosthetic condyle was seen either within the fossa 
or displaced slightly anteromedially. No perforations of the glenoid 
fossa by the prosthetic condyle were noted. When compared with the 
contralateral side and control specimens, however, bone at the articular 
surface of the glenoid fossa presented with noticeably less radiodensity 
and there was loss of cortical surface layer in a few specimens. Variable 
amounts of heterotopic bone were seen surrounding the neck and 
head of the condyle, but never bridging the joint space. 
Th e contralateral TMJ specimens showed normal morphology of the 
glenoid fossa and condyle, similar to the controls. (Fig 4)
Fig4  CBCT  coronal views of (a) control TMJ, (b) reconstructed TMJ 
showing condyle prosthesis and heterotopic bone and (c) contralateral 
TMJ
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Descriptive histology
Th e TMJ specimens of the control monkeys showed normal histologic 
features. Th e glenoid fossa was consistently covered by a thin articular 
layer, consisting of dense fi brous tissue, where the collagen fi bres were 
oriented parallel to the surface. Deep to this layer was a narrow zone 
of cartilage, consisting of chondrocytes of about 2 to 3 cell layers thick. 
Th e bone surface adjacent to the cartilage zone had a regular contour 
and there was minimal cell activity in the bone. Th e condyle was always 
seen either centrally within the fossa or displaced slightly anteriorly. 
Th e articulating surface was lined by a thin layer of fi brocartilaginous 
tissue which was stratifi ed in distinct zones.  Th e superfi cial articular 
layer consisted of loose fi brous tissue, where the collagen fi bres were 
oriented parallel to the surface. Deep to this was the proliferative zone 
which consisted of densely packed undiff erentiated mesenchymal 
cells. Next was the fi brocartilagenous layer, consisting of cartilage 
cells in a dense matrix. Between this and the bone was a layer of 
mineralised cartilage. Th e subchondral bone surface was regular and 
there was minimal cell activity.  Th e disc was always seen superior 
to the articulating surface of the condyle. It was generally thin and 
avascular, with few chondrocytes scattered throughout a dense fi brous 
tissue. Banding of the collagen fi bres could be seen in some of the 
specimens.  Th ere was an absence of infl ammatory cells in all the 
specimens. (Fig 5)
Th e most signifi cant features seen in the histology of most of the 
reconstructed TMJ specimens were the presence of bone resorptive 
activity in the glenoid fossa and pathologic changes of the articular 
disc. Th e articular fi brous 
layer of the glenoid fossa 
presented with variable 
thickness in the specimens. 
Fig 5 Histologic section 
of control TMJ . C: condyle, 
D: articular disc, G: glenoid 
fossa (Methylene blue and 
basic  fuchsin x4) 
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It was thick with multiple cells in one specimen, but was absent in a 
few other specimens. Similarly, the cartilage layer deep to it was either 
absent or present in very thick layers. Th e bone surface was irregular 
and scalloped in all of the 3 month specimens and two of the 6 month 
specimens. In these specimens, osteoclast-like cells could be identifi ed 
and there was active bone resorption (Fig 6 and 7). In the other two 
6 month specimens, however, the glenoid fossa was lined by a thin 
fi brous articular layer, the bone surface was fl at and there was minimal 
bone resorptive activity. As the prosthetic condyle in all the specimens 
had been removed for ease of histologic sectioning, the “empty 
space” seen in the histologic slides represented the previous location 
of the metal condyle. Th e prosthetic condyle was, in all specimens, 
surrounded by a fi brous capsule (Fig 8). No metallic debris were noted 
but there were varying degrees of infl ammatory reaction seen around 
the prosthesis in all but two specimens. Heterotopic bone was seen 
around the prosthesis in all of the specimens, but not bridging of the 
joint space (Fig 9). Th e disc was noted to be positioned superior to 
the prosthetic condyle and was generally thicker than in the controls. 
Th e collagen fi bres were less organised and no banding was noted. 
Th ere was an increase in the number of chondrocytes within the disc. 
Neovascularisation and fat cells were present in almost all specimens. 
Disc fi ssuring, splitting or perforation was noted in one 3 months and 
three 6 months specimens. (Fig 10)
Fig 6 Histologic 
section of  the glenoid 
fossa of a reconstructed 
TMJ in a 3 months 
specimen presenting 
with thickened  articular 
fi brous and cartilage 
layers and irregular 
subchondral bone surface 
showing resorptive 
activity (Methylene blue 
and basic  fuchsin x4)
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Fig 7 Histologic section of  the glenoid fossa of a reconstructed TMJ 
in a 6 months specimen showing
(a) scalloping of subchondral bone surface  (Methylene blue and basic 
fuchsin x4) 
(b) Howship’s lacunae  (Methylene blue and basic  fuchsin x40) 
Fig 8 Histologic 
section showing fi brous 
encapsulation of the condyle 
prosthesis (empty space) 
(Methylene blue and basic 
fuchsin x4) 
Fig 9 Histologic section 
showing a heterotopic bone island 
adjacent to the condyle prosthesis 
(Methylene blue and basic  fuchsin 
x4) 
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Fig 10 Histologic sections showing  (a) fi ssuring  (3 months specimen) 
and (b)  neovascularisation and fatty degeneration  (6 months specimen) 
in the articular discs of  reconstructed TMJs  (Methylene blue and basic 
fuchsin x4)
Th e contralateral TMJ specimens showed normal histology of the 
joint, similar to the control specimens. (Fig 11)
Fig 11 Histologic 
section of the 
contralateral TMJ of 
a 3 months specimen 
showing normal 
histology. C: condyle, 
D: articular disc, 
G: glenoid fossa 
(Methylene blue and 
basic fuchsin x4)
Histomorphometry
Cartilage thickness
Th e mean condyle cartilage thickness of the contralateral TMJ 
specimens was 344 ± 57 μm in the 3 months specimens and 328 ± 77 
μm in the 6 months specimens. Th e mean condyle cartilage thickness 
of the control specimens was 283 ± 78 μm. Th ere was no signifi cant 
diff erence in all the measurements.
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Heterotopic bone formation
According to the modifi ed Garrett/ Abbey18 grading system, two 3 
months specimens and one 6 months specimen were classifi ed as Grade 
II, whilst one 3 months specimen and three 6 months specimens were 
classifi ed as Grade III. No bridging between the prosthetic condyle 
and fossa by bone was seen in any of the specimens. 
 Discussion
As previously reported 9, following reconstruction with the condyle 
– ascending ramus endoprosthesis, the monkeys were able to function 
well up to 6 months aft er surgery, in that the prosthetic condyle 
was able to move freely, there were good intercuspidation and no 
signifi cant change in interincisal opening. Plain radiographs showed 
the prosthetic condyle to be within the fossa and no displacement or 
dislocation of the prosthesis was noted. Subjective symptoms, such as 
presence of pain and limitation of mandibular motion, however, could 
not be determined in this animal model.
Th e CBCT and histology results in this study confi rmed that there was 
no perforation of the glenoid fossa by the metallic condyle in any of 
the reconstructed TMJ specimens. Th ere were, however, defi nite signs 
of bone resorption or erosion of the articulating surface of the fossa in 
all but two 6 months specimens. Th is seemed like an adaptive response 
of bone at the glenoid fossa to the stiff er metal condyle, as compared 
to the natural condyle.  Bone resorption will probably continue until 
a balance is reached between the forces applied and the adaptive 
capacity.  Depending on where this balance will settle, perforation of 
the glenoid fossa may be the eventual result or conversely, a stable 
condition may be reached, allowing proper joint function. Long - term 
studies are required to further assess this phenomenon. 
Alloplastic condylar replacements aft er disarticulation resections as 
reported in the literature have consisted of either a condyle-ramus 
prosthesis or reconstruction plate with a metal condyle. Whether 
or not a fossa prosthesis should be used in conjunction with the 
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condylar replacement is still being debated. When used without 
a fossa prosthesis, erosion of the temporal part of the TMJ by the 
metal condyle had been observed in 43% of cases.10 Patel and Maisel19 
reported their experience with 4 patients who received metal condyle 
replacements following malignant tumor resections. Th ey reported 
signifi cant complications in these patients, which included a case of 
prosthesis migration into the epitympanum resulting in sensorineural 
hearing loss, owing to bony destruction of the cochlea. Perforation of 
the metal condylar head into the middle cranial fossa has also been 
reported.10-14 Based on these reports, some authors have concluded that 
condylar replacement alone will not be suffi  cient for reconstruction of 
the TMJ, and that it should always be used in conjunction with a fossa 
prosthesis.10,20 Others are of the opinion that a  condyle prosthesis 
should only be regarded as a temporary replacement, to be followed 
by defi nitive bony reconstruction.19 
Marx et al16 recently reported a prospective, outcome analysis of 
condylar replacements in patients with loss of condyles because of 
tumor or trauma, with a follow-up ranging from 3.4 to 18.6 years. 
A total of 131 consecutive patients underwent 132 mandibular 
condylar replacements with a metallic condylar head attached to a 
2.3 or 2.4 mm reconstruction plate aft er disarticulation resection. Th e 
prosthetic condyle articulated against a natural disc or a soft  tissue 
graft  in the temporal fossa. Of these, 13 (9.8%) patients developed 
minor complications including joint pain and limited mouth opening, 
whilst one patient (0.8%) had erosion of the metal condyle into the 
external auditory meatus. None developed erosion into the middle 
cranial fossa. On the basis of these results, the authors concluded that 
condylar replacements provided long-term stability with minimal 
complications in patients who underwent reconstruction aft er tumor 
resection or as a result of trauma. Daniel and Browne21 also reported 
successful reconstruction in 6 patients who received a similar type of 
condylar replacement aft er tumor resection and were followed up for 
7 months to 6.4 years. None of the cases exhibited fossa erosion or 
prosthesis migration. Th e authors attributed the good results to various 
factors including preservation of the TMJ capsule and the use of a 
purse-string suture through the soft  tissue surrounding the prosthetic 
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condylar head. Th e authors thus, concluded that with proper surgical 
technique, titanium condylar prostheses alone are a viable choice in 
reconstruction aft er resection for tumors.
 Th e preservation of an intact disc was noted by several authors to be 
an important factor for a successful outcome. Histologic examination 
of the discs in the reconstructed TMJs in this study, however, 
showed signifi cant pathologic changes, resulting in 3 out of 4 disc 
perforations aft er 6 months. It should be understood, therefore, that 
following reconstruction, the disc will be subjected to altered forces 
by the metal condyle, which can result in its destruction over time. 
Carlson14 reported a case of middle cranial fossa perforation, despite 
preservation of an intact disc at the time of ablative surgery for chronic 
osteomyelitis.  Preservation of the disc at the time of reconstruction, 
therefore, probably reduces but does not eliminate the risk of fossa 
erosion and perforation. 
Grade II or III heterotopic bone formation was observed on CBCT 
and histology of all the reconstructed TMJ specimens in this study. 
Heterotopic bone formation can occur aft er all major joint procedures. 
It has been reported to occur in 0.6% to 90% of patients who have 
undergone total hip joint replacement, with an average incidence 
of 53%.22-24 Lindqvist et al10  reported an incidence of 52% following 
alloplastic condylar reconstruction. It limits postoperative motion 
and causes pain, requiring reoperation in 2 to 4% of patients.10,25 In 
this study, however, no there was no signifi cant change in interincisal 
opening noted in any of the monkeys.9 Nonsteroidal anti-infl ammatory 
drugs and low dose radiation have been used to prevent heterotopic 
bone formation aft er hip arthroplasty.26,27  Similar ionizing radiation 
protocols have also been used for the treatment of heterotopic bone 
formation in the TMJ with promising results.18,28,29 However, the 
question of radiation induced malignancy as well as local radiation 
eff ects on adjacent vital structures remain a concern. Th e use of 
periarticular autogenous fat graft ing as an adjunct to prosthetic TMJ 
reconstruction has also been reported to be useful in minimizing the 
occurrence of heterotopic bone formation.30,31
As the TMJ is a diarthrodial joint, reconstruction of one joint may 
aff ect the function and loading forces on the other joint. Hyperplasia 
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of the condyle cartilage had been reported in TMJs subjected to 
indirect trauma or increased compressive forces.32,33 Th e fi ndings 
of this study, however, showed that the condyle-ascending ramus 
endoprosthesis reconstruction on one side had minimal or no eff ect 
on the contralateral TMJ, in that the gross morphology as seen on 
CBCT, histology and condyle cartilage thickness of the contralateral 
TMJ were not signifi cantly diff erent from the controls.
In conclusion, the results of this study could not confi rm the 
hypothesis that mandibular reconstruction in Macaca fascicularis, 
using a condyle – ascending ramus modular endoprosthesis, results 
in a physiologic condylar replacement. Th e observations described 
are clearly indicating that adaptive changes take place in the fossa, 
which seems to represent overloading. One has to bear in mind, 
however, that the chewing pattern of monkeys is rather diff erent from 
human beings, in that, because of the large canines, lateral movement 
are minimal as compared to humans. Long-term studies are required 
to further assess the potential of this mode of reconstruction. Th e 
reconstruction, however, had minimal or no adverse eff ects on the 
contralateral TMJ. 
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Chapter 9
Peri-implant and systemic release of metallic 
elements following insertion of a mandibular 
modular endoprosthesis in Macaca fascicularis 
Shermin Lee et al
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 Introduction
Titanium and its alloys, like titanium-6 aluminum-4 vanadium 
(Ti6Al4V) alloy, are highly biocompatible and corrosion-resistant 
[1]. Th ey are frequently used as prosthetic replacement of joints and 
teeth and as plates and screws for fi xation of fragments aft er fractures 
or osteotomies and as a means to stabilize mandibular fragments aft er 
ablative surgery.  
Some studies have reported the release of particles from metal implant 
devices into the surrounding tissues [2-7] as well as in regional lymph 
nodes [8-10] and organs [8-9] [11-12] For example, titanium particles 
have been identifi ed at both the cellular and extracellular level aft er 
the insertion of screw implants in the maxillofacial region, which 
can probably be attributed to corrosion or wear debris because of the 
insertion procedure [8] [10]. An issue of concern, associated with 
released metal particles, is that their presence may have long-term 
metabolic [13], oncogenic [14] or immunologic [15] eff ects. Metal 
elements and their wear debris can also trigger infl ammation and 
allergic reactions and may lead to fi brous-tissue disease known as 
metallosis [16-18] which contributes to the loosening of prosthetic 
components [19].
In view of the above mentioned, Bertoldi et al. [2] suggested that the use 
of aluminum coatings on devices targeted for use in the jaws should be 
avoided in order to avoid the risk of neurological [20] and metabolic 
disorders [21] associated with aluminum. Th ey recommended 
also that metal appliances should be removed as soon as possible, 
particularly in elderly patients. Th is advice was based on a study 
dealing with retrieved maxillofacial plates and screws, in which they 
observed that aluminum accumulated in the surrounding soft  tissues 
and in the dense lamellar bone. Th ey attributed this phenomenon to 
tissue fl uids, which corrode the microplates and results in the release 
of elements from the microplates into the surrounding tissues. 
It has to be noticed, however, that this advice was contradicted by 
other studies, For example, Meningaud et al.[5] found no relationship 
between the time the miniplates were in situ and the titanium level in 
the soft  tissues surrounding these devices. Th ey also stated that results 
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from the orthopedic literature cannot be extrapolated to maxillofacial 
surgery and vice versa. 
Th e fi nal goal of our studies is to develop modular endoprostheses as 
can be used for mandibular reconstruction. Th is device is composed 
of a signifi cant amount of titanium alloy and is intended to be 
maintained in the body for the life time of the patient. Considering 
the above-mentioned contradictory data, the aim of this study was 
to assess the release of metal particles into peri-implant tissues and 
organs from a modular endoprosthesis made of Ti6Al4V, as applied 
for segmental mandibular reconstruction [22]. Th e specifi c aim was 
to quantify the presence of titanium, vanadium and aluminum in the 
soft  tissues surrounding the endoprosthesis, as well as in the regional 
lymph nodes and organs like kidney, liver, lung and spleen. Th e 
hypothesis was that metal elements will be released but only in low 
quantities. Th erefore, modular endoprostheses made of titanium alloy 
were installed in monkeys. Aft er one year of installation, the release 
of metal elements was assessed in the mucosa, regional lymph nodes, 
liver, lung and spleen using light (LM) and transmission electron 
microscopy (TEM) and inductively coupled plasma optical emission 
spectroscopy (ICP). Also, blood was drawn from the animals for 
elemental analysis using ICP. LM and TEM were selected as they 
provide structural information on the micron and sub-micron level 
about changes in tissue structure as well as visualization of released 
particles, while ICP was used as it provides a powerful tool to measure 
elements at the parts per billion (ppb) level.
 Materials and Methods
Ten young adult male Macaca fascicularis monkeys, of approximately 
3.5 kg each, were used in the study. Th ese monkeys had all of their 
molars erupted except for the third molars. Permission was granted by 
the Institutional Animal Care and Use Committee of SingHealth, and 
the animal laboratory was certifi ed by the International Association 
for Assessment of Laboratory Animal Care.
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Seven of the animals underwent resection of the body of the right 
mandible, which included the fi rst and second permanent molars 
and attached gingiva. A modular endoprosthesis made of a dual acid-
etched Ti-6Al-4V alloy from Biomet Microfi xation (Jacksonville, 
Florida, U.S.A.) was cemented into the remaining mandibular stumps 
as a replacement of the defect. Th e surgery consisted of an intraoral 
approach that has previously been described in detail [22]. In brief, a 
subperiosteal dissection using vertical incisions distal to the second 
bicuspid and the second molar and connected by a horizontal incision 
2-3 mm below the attached gingiva, exposed the lower body of the 
mandible and the planned ostectomy sites. A tapered fi ssure burr was 
used to create a space to fi t the stems. Th e stems of the modules were 
fi xed using Palacos®-R polymethylmethacrylate (PMMA) cement 
(Biomet Inc, Warsaw, USA). Th e body was then connected using two 
screws and a strut. Th e wounds were closed aft er the cement had set. 
Th e buccinator muscle was, full thickness, dissected from the skin over 
a length of approximately 5 cm. Th e mylohyoid muscle was dissected 
free from the aponeurosis to be pulled over the implant and tied to the 
buccinator muscle with 3-0 Vicryl® sutures (Ethicon Inc., a Johnson 
and Johnson Company, Somerville, New Jersey, U.S.A.). Th e mucosa 
was then closed over this muscle with 4-0 interrupted Vicryl® sutures 
(Ethicon), which resulted in a two-layer closure. 
Th e monkeys had an uneventful recovery and were put on a soft  
diet for the fi rst two weeks. Th ey received 2mg/kg Rimadyl® (Pfi zer 
Inc., New York, USA) s.c. for analgesia for two days, 5mg/kg Baytril® 
(Bayer Health Care, Leverkusen, Germany) and 15mg/kg amoxicillin 
Betamox® (Norbrook Pharmaceuticals World Wide, Newry, Northern 
Ireland) s.c. for fi ve to seven days.  
Perfusion fi xation was used on all monkeys. Th ey were sedated using 
ketamine (5 mg/kg of body weight). Th e induction of anesthesia was 
done with 4-5% isofl urane. Two millilitres of heparin was subsequently 
given intravenously and anesthesia was maintained using 2% 
isofl urane. Th e thoraces of the animals were opened by cutting the 
sternum to expose the heart. A 16-gauge intravenous catheter was 
inserted into the left  ventricle and used to rinse the circulation with 
300-500 ml of Hartman’s solution, followed by 800 ml of a mixture of 
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2.5% paraformaldehyde and 2% glutaraldehyde. Th e right atrium was 
cut to allow the blood and fl uids to fl ow. 
Seven of the animals were sacrifi ced one year postoperatively. Th ree 
animals, which had no surgery, were used as controls. Non-metal 
ceramic scissors (Kyocera, Kyoto, Japan) and plastic forceps were 
used to harvest all of the specimens, which included the soft  tissue 
surrounding the endoprosthesis, the right and left  cervical lymph 
nodes and organ specimens from the kidney, liver, lung and spleen. 
All of these specimens were fi xed in 2.5% paraformaldehyde and 2% 
glutaraldehyde.
Light microscopy
Aft er dehydration in a graded series of alcohol, part of each specimen 
was embedded in paraffi  n. Two sections were made from each 
paraffi  n block and stained with haematoxylin and eosin (H&E) and 
Toluidine Blue for light microscopical analysis using a polarizing light 
microscope Olympus Microscope Model CX31 (Tokyo, Japan).
Transmission electron microscopy (TEM) and X-ray microanalysis
Specimens with the highest aluminum content derived from the 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES), were used for TEM. Th is included tissues from the kidneys 
and lung. No remaining lymph node tissues were available for this 
analysis. Th e specimens were fi xed in 2.5% glutaraldehyde buff ered at 
pH 7.4, postfi xed in 0.1% mol/L cacodylate buff er at 4 degrees Celsius 
overnight. Th e specimens were washed twice using 0.1M cacodylate 
buff er, for 15 minutes each. Th is was followed by fi xation in 1% aqueous 
osmium tetroxide for 1 hour. Subsequently, rinsing using Type II 
water was carried out twice at 15 minutes each, followed by a graded 
series of ethanol. Finally, propylene oxide was used and the specimens 
were embedded with epoxy resin (Epon 813, Fluka Co, Germany) at 
60 degree Celsius for 24 hours. Sections of each block were made at 
100nm using Leica Ultracut UCT microtome (Wetzlar, Germany) 
and stained with saturated aqueous uranium acetate and lead citrate 
solution for observation with a Philips EM 208 transmission electron 
microscope (Eindhoven, the Netherlands). 
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In addition to TEM, X-ray microanalysis (EDX) was performed 
to obtain information about the presence of metallic elements in 
the kidney and lung tissues. Ultra thin sections were used for High 
Angle Annular Dark Field (HAADF) imaging and analyzed via 
a monochromated FEI Titan 80/300 kV scanning transmission 
electron microscope (STEM) x-ray microanalyser. Single spot EDX 
measurements were performed with a dwell time of 80s per spot. Th e 
images (both bright fi eld and Z-contrast images) were acquired using 
80kV accelerating voltage.
Elemental analysis
Blood
Prior to perfusion, 12 cc of blood was drawn from all animals and 
sent to ALS Scandinavia AB (Täby, Sweden) for analysis of titanium, 
aluminum and vanadium content, using the inductively coupled 
plasma sector fi eld mass spectrometry (ICP-SFMS) [23]. Blood 
samples were digested prior to analysis with 1 % nitric acid in a closed 
microwave digestion system. 
Mucosa, lymph nodes and distant organs
Th e remaining unembedded specimens were used for analysis using 
axial viewing ICP-OES (PerkinElmer Life and Analytic Sciences Inc, 
Waltham, Massachusetts, USA). Th e specimens were air dried, and 
500 mg of each was used, except for the cervical lymph nodes due to 
the limited amount available. Th e specimens were then homogenized 
using an acid digestion protocol in a Milestone microwave (ETHOS 
Laboratory System, Sorisole, Italy), consisting of 3.5 ml HNO 65%, 
0.5 ml H2SO4 95% and 0.5 ml H2O2 30% for 40 minutes at 200°C. 
Th e digested material was then topped up to a volume of 20 ml and 
analyzed with ICP-OES for titanium, aluminum and vanadium, by 
which Argon was used to create the plasma.  
Statistical Analysis
Th e Mann-Whitney U test was used to compare the two groups, using 
SPSS version 11.
206
 Results
Clinical examination
Th ere was no obvious pigmentation or staining of the soft  tissues 
around the endoprosthesis in any of the seven animals. Th e right 
lymph nodes in one of the animals from the test group were enlarged. 
All organs were normal in appearance. 
Light and transmission electron microscopy 
Examination of the mucosa adjacent to the endoprosthesis revealed 
chronic infl ammatory cells within the connective tissue (Fig. 1) with 
focal surface ulceration (Fig. 2). Th ese changes were correlated with 
fi brosis, haemosiderin deposition and dystrophic calcifi cation in some 
areas (Fig. 3). In one specimen, a foreign body type multinucleated 
giant cell reaction was seen. Birefringent material was identifi ed under 
polarized light, which was related to bone cement as used for fi xation 
of the implant (Fig. 4). 
Fig.1. Gum tissue adjacent to 
implant black arrow, showing surface 
ulceration, chronic infl ammation 
within the stroma with fi brosis and 
dystrophic calcifi cation. H&E X40.
Fig. 2. An area of mucosal 
ulceration in the gum adjacent 
to the implant black arrow. H&E 
X40.
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Fig. 3. An area of fi brosis 
with superimposed chronic 
infl ammation and haemosiderin 
deposition indicating previous 
haemorrhage. H&E X200.
Fig. 4. Focus showing 
birefringent foreign material 
white arrow, consistent with 
cement used in implant fi xation, 
under polarized light microscopy, 
associated with multinucleated 
giant cell reaction. H&E X100.
Routine H&E sections failed to reveal any specifi c metal particles 
within the soft  tissues adjacent to the endoprosthesis. Tiny cytoplasmic 
vacuoles, 0.5 to 2 microns in size, were noted in the epithelial cells of 
the proximal renal tubules and lymph nodes (Fig. 5). Similar vacuoles 
were observed in the TEM sections of the kidney and lung tissues 
(Fig. 6A).  EDX could not confi rm the presence of Ti, Al, or Va in the 
vacuoles and cytoplasm of the kidney and lung cells. Only lead (Pb) 
and copper (Cu) were detected, which were the consequence of the 
applied lead citrate contrast agent and the copper EM grid as used for 
specimen support (Fig. 6B and 6C). 
Fig. 5. Renal tubule showing 
occasional rounded bodies white arrow, 
1 to 2 microns in size, surrounded 
by vacuoles, within the cytoplasm of 
tubular cells. Toluidine Blue X600.
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Fig. 6. (A) TEM micrograph depicting a vacuole within the 
cytoplasm of renal tubular cells showing a dark spot black arrow. (B) 
Th e dark spot O1 as observed at the upper border of the vacuole is a 
staining artifact as confi rmed by EDX-analysis of Point 1 to be copper 
(Cu) and lead (Pb) (C).
(A)
(B)
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(C) 
Elemental analysis
Blood
Titanium, vanadium and aluminum were detectable in the blood of all 
of the animals, including the control group (Table 1). Th e amount of 
aluminum appeared to be higher in the control group (31.77±11.67) 
as compared to the test group (20.41±9.13). Th e aluminum content 
was the highest as compared to vanadium and titanium. 
Table 1. Results of titanium, vanadium and aluminum content in the 
blood
Test n = 7, ug/L (std) Control n = 3, ug/L (std) p-value
Titanium 1.63 (0.54) 2.07 (0.55) 0.38
Vanadium 0.42 (0.08) 0.37 (0.07) 0.52
Aluminum 20.41 (9.13) 31.77 (11.67) 0.52
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Mucosa, lymph nodes and distant organs
Using ICP-OES, titanium, aluminum or vanadium was not detected 
in the soft  tissues surrounding the endoprosthesis, neither was 
titanium and vanadium found in the lymph nodes, liver, lung, kidney 
and spleen. Th e aluminum content was found to be higher in the right 
regional lymph nodes and all examined distant organs as compared to 
the control group (Table 2).
Table 2. Results of aluminum content using ICP-OES
Test n = 7, ug/L 
(std)
Control n = 3, ug/L 
(std)
p-value
Right lymph node 11.55 (22.15) 0.36 (0.62) 0.27
Left lymph node 4.85 (0.50) 3.55 (0.62) 0.18
Lung 6.24 (11.28) 1.40 (2.15) 0.67
Liver 1.66 (0.99) 0 0.02
Kidneys 15.69 (24.88) 0 0.03
Spleen 2.75 (3.09) 0.49 (0.43) 0.27
 Discussion
As a result of this study the hypothesis, that metal elements will be 
released in low quantities, has to be accepted in part in that only 
aluminum was detected in a higher amount in the right regional lymph 
nodes, lung and spleen than in the control group. In this context, it 
is of interest to note that the endoprosthesis was inserted in the right 
mandible. Aluminum was also detected in the liver and kidney of 
the experimental group, whilst not present in the control group.  No 
metal particles were seen in the soft  tissues surrounding the modular 
endoprosthesis. Th e blood values of all elements examined had not 
increased as compared to the control group. One has to realize that the 
increased amount of aluminum in the lymph nodes and other organs 
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was found aft er only one year follow up. It is a matter of speculation 
whether the amount of aluminum will increase over time.
Aluminum, which is oft en part of an alloy used for medical devices, 
has been associated with neurological disorders, including Alzheimer’s 
disease [20] [24-27] and metabolic bone disease such as osteomalacia 
[28]. It remains to be seen, however, whether the increased levels of 
aluminum, as seen in this study, are really reason for concern.  Case et 
al. [29] reported even higher amounts of aluminum in the lymph nodes 
and in the various organs of patients, who had either a loosening total 
hip or knee joint replaced. Th ese patients were, however, followed 
over a longer period. Yet, the results presented do give rise to some 
concern, particularly when titanium alloy devices used as implants 
have to function over an extended period. Th is is particularly relevant 
if they are used in young patients. 
It is somewhat surprising that in the current study, no pigmentation 
or staining of the overlying mucosa were seen. Th is is contrary to the 
fi ndings of other authors who found pigmentation in the soft  tissue 
overlying osteosynthesis plates [4] [7] [30-31]. Th ese particles were 
identifi ed as titanium. Th is may be explained by the fact that metal 
release may occur when plates have to be adapted by bending and 
screws are inserted, whereas the modular endoprosthesis is cemented 
into the mandible. Bone formation adjacent to the body of the modular 
endoprosthesis could also have embedded metal particles within 
the bone. On the other hand, it has to be noticed that the time of 
implantation was one year. It cannot be excluded that pigmentation or 
staining of the overlying tissues may occur at longer follow-up times.
In orthopedic surgery, metal particles have also been shown to 
accumulate in tissues adjacent to prosthetic joint implants [9] [29] [32]. 
As orthopedic devices are obviously much bigger and also undergo a 
diff erent mechanical wear mechanism, the results from the orthopedic 
literature cannot be extrapolated directly to maxillofacial surgery 
and vice versa [5]. It has also been shown that the amount of debris 
increased when the prostheses were loose. Modularity in orthopedic 
implants adds to large crevice environments, which are subjected to 
micromotion between contacting interfaces and diff erential aeration 
of the surface [33]. Th is has been confi rmed for retrieved modular hip 
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implants, which showed degradation in modular connections caused 
by fretting-crevice corrosion [34-35]. Even though many authors [8] 
[9] [29] [36-37] have noted the accumulation of metal debris in lymph 
nodes and distant organs, the clinical signifi cance of these fi nding is 
not fully understood and therefore, still a matter of discussion.  
Various techniques such as atomic absorption spectrometry (AAS), 
inductively coupled plasma optical emission spectrometry (ICP-
OES) and inductively coupled plasma sector fi eld mass spectrometry 
(ICP-SFMS) are used for trace element analysis in human biological 
material. Th e method of choice as used for analysis depends on many 
factors, such as the amount of the available sample, the number of 
elements in the sample to be determined and the sensitivity and 
detection limit required [38]. ICP methods have improved detection 
limits compared to AAS [39], with the ICP-SFMS method shown to 
be more sensitive than ICP-OES [40]. ICP-SFMS can detect elements 
in the pg/l level. Th e fact that no metal elements were found in the soft  
tissues surrounding the modular endoprosthesis using ICP-OES, thus, 
does not imply that they were not present. A more sensitive method, 
like the ICP-SFMS, could have detected elements. Th e question then 
arises whether such low amounts would have any medical signifi cance 
at all.    
In this study, metal particles were not seen using TEM-EDX, which 
was not surprising, given the minute amount of material investigated 
when using TEM-EDX analysis and the small quantities of metal 
elements as detected using ICP.   
 Conclusion
Th is study quantifi ed the release of only aluminum particles in 
lymph nodes, liver, lung, kidney and spleen, when using a modular 
endoprosthesis made of Ti-6Al-4V for mandibular reconstruction. 
Th e signifi cance of this fi nding remains questionable, particularly 
since it concerns very small quantities. In view of the results reported, 
there is still a need to improve on biomaterials as used for implant 
manufacturing in order to avoid metal release. 
213v1
 References
1. Rae T. Th e biological response to titanium and titanium-
aluminium-vanadium alloy particles. II. Long-term animal 
studies. Biomaterials 1986;7(1):37-40
2. Bertoldi C, Pradelli JM, Consolo U, Zaff e D. Release of elements 
from retrieved maxillofacial plates and screws. Journal of materials 
science 2005;16(9):857-61.
3. Kim YK, Yeo HH, Lim SC. Tissue response to titanium plates: a 
transmitted electron microscopic study. J Oral Maxillofac Surg 
1997;55(4):322-6.
4. Langford RJ, Frame JW. Tissue changes adjacent to titanium 
plates in patients. J Craniomaxillofac Surg 2002;30(2):103-7.
5. Meningaud JP, Poupon J, Bertrand JC, Chenevier C, Galliot-
Guilley M, Guilbert F. Dynamic study about metal release from 
titanium miniplates in maxillofacial surgery. Int J Oral Maxillofac 
Surg 2001;30(3):185-8.
6. Zaff e D, Bertoldi C, Consolo U. Element release from titanium 
devices used in oral and maxillofacial surgery. Biomaterials 
2003;24(6):1093-9.
7. Krischak GD, Gebhard F, Mohr W, Krivan V, Ignatius A, Beck 
A, et al. Diff erence in metallic wear distribution released from 
commercially pure titanium compared with stainless steel plates. 
Arch Orthop Trauma Surg 2004;124(2):104-13.
8. Frisken KW, Dandie GW, Lugowski S, Jordan G. A study of 
titanium release into body organs following the insertion of single 
threaded screw implants into the mandibles of sheep. Aust Dent J 
2002;47(3):214-7.
9. Urban RM, Jacobs JJ, Tomlinson MJ, Gavrilovic J, Black J, Peoc’h 
M. Dissemination of wear particles to the liver, spleen, and 
abdominal lymph nodes of patients with hip or knee replacement. 
Th e Journal of bone and joint surgery 2000;82(4):457-76.
10. Weingart D, Steinemann S, Schilli W, Strub JR, Hellerich U, 
Assenmacher J, et al. Titanium deposition in regional lymph 
nodes aft er insertion of titanium screw implants in maxillofacial 
region. Int J Oral Maxillofac Surg 1994;23(6 Pt 2):450-2.
214
11. Schliephake H, Reiss G, Urban R, Neukam FW, Guckel S. 
Metal release from titanium fi xtures during placement in the 
mandible: an experimental study. Int J Oral Maxillofac Implants 
1993;8(5):502-11.
12. Woodman JL, Jacobs JJ, Galante JO, Urban RM. Metal ion release 
from titanium-based prosthetic segmental replacements of long 
bones in baboons: a long-term study. J Orthop Res 1984;1(4):421-
30.
13. van Loon CJ, de Waal Malefi jt MC, Buma P, Verdonschot N, Veth 
RP. Femoral bone loss in total knee arthroplasty. A review. Acta 
Orthop Belg 1999;65(2):154-63.
14. Lewis CG, Sunderman FW, Jr. Metal carcinogenesis in total joint 
arthroplasty. Animal models. Clinical orthopaedics and related 
research 1996;329 Suppl):S264-8.
15. Hallab NJ, Anderson S, Caicedo M, Skipor A, Campbell P, Jacobs 
JJ. Immune responses correlate with serum-metal in metal-on-
metal hip arthroplasty. Th e Journal of arthroplasty 2004;19(8 
Suppl 3):88-93.
16. Korovessis P, Petsinis G, Repanti M, Repantis T. Metallosis 
aft er contemporary metal-on-metal total hip arthroplasty. Five 
to nine-year follow-up. Th e Journal of bone and joint surgery 
2006;88(6):1183-91. 
17. Cipriano CA, Issack PS, Beksac B, Della Valle AG, Sculco TP, 
Salvati EA. Metallosis aft er metal-on-polyethylene total hip 
arthroplasty. American journal of orthopedics (Belle Mead, NJ 
2008;37(2):E18-25. 
18. Chang JD, Lee SS, Hur M, Seo EM, Chung YK, Lee CJ. Revision 
total hip arthroplasty in hip joints with metallosis: a single-
center experience with 31 cases. Th e Journal of arthroplasty 
2005;20(5):568-73.
19. Kim KJ, Rubash HE, Wilson SC, D’Antonio JA, McClain EJ. A 
histologic and biochemical comparison of the interface tissues in 
cementless and cemented hip prostheses. Clinical orthopaedics 
and related research 1993;287):142-52.
20. Mjoberg B, Hellquist E, Mallmin H, Lindh U. Aluminum, 
Alzheimer’s disease and bone fragility. Acta Orthop Scand 
215v1
1997;68(6):511-4.
21. Boyce BF, Eider HY, Fell SG, Nicholson WA, Smith GD, Dempster 
DW, et al. Quantitation and localisation of aluminum in human 
cancellous bone in renal osteodystrophy. Scan Electron Microsc 
1981;Pt 3):329-37.
22. Lee S, Goh BT, Tideman H, Stoelinga PJ. Modular endoprosthesis 
for mandibular reconstruction: A preliminary animal study. Int J 
Oral Maxillofac Surg 2008;37(10):935-42.
23. Rodushkin I, Odman F. Application of inductively coupled 
plasma sector fi eld mass spectrometry for elemental analysis of 
urine. J Trace Elem Med Biol 2001;14(4):241-7.
24. Andrasi E, Pali N, Molnar Z, Kosel S. Brain aluminum, magnesium 
and phosphorus contents of control and Alzheimer-diseased 
patients. J Alzheimers Dis 2005;7(4):273-84.
25. Belles M, Sanchez DJ, Gomez M, Corbella J, Domingo JL. 
Silicon reduces aluminum accumulation in rats: relevance to the 
aluminum hypothesis of Alzheimer disease. Alzheimer Dis Assoc 
Disord 1998;12(2):83-7.
26. Forbes WF, Hill GB. Is exposure to aluminum a risk factor for 
the development of Alzheimer disease?--Yes. Arch Neurol 
1998;55(5):740-1.
27. Hachinski V. Aluminum exposure and risk of Alzheimer disease. 
Arch Neurol 1998;55(5):742.
28. Karrholm J, Frech W, Nivbrant B, Malchau H, Snorrason F, 
Herberts P. Fixation and metal release from the Tifi t femoral 
stem prosthesis. 5-year follow-up of 64 cases. Acta Orthop Scand 
1998;69(4):369-78.
29. Case CP, Langkamer VG, James C, Palmer MR, Kemp AJ, Heap 
PF, et al. Widespread dissemination of metal debris from implants. 
J Bone Joint Surg Br 1994;76(5):701-12.
30. Matthew IR, Frame JW. Ultrastructural analysis of metal particles 
released from stainless steel and titanium miniplate components 
in an animal model. J Oral Maxillofac Surg 1998;56(1):45-50.
31. Th eologie-Lygidakis N, Iatrou I, Eliades G, Papanikolaou S. A 
retrieval study on morphological and chemical changes of titanium 
osteosynthesis plates and adjacent tissues. J Craniomaxillofac 
216
Surg 2007;35(3):168-76.
32. Breen DJ, Stoker DJ. Titanium lines: a manifestation of metallosis 
and tissue response to titanium alloy megaprostheses at the knee. 
Clinical radiology 1993;47(4):274-7.
33. Rodrigues DC, Urban RM, Jacobs JJ, Gilbert JL. In vivo severe 
corrosion and hydrogen embrittlement of retrieved modular 
body titanium alloy hip-implants. Journal of biomedical materials 
research 2008.
34. Kop AM, Swarts E. Corrosion of a Hip Stem With a Modular 
Neck Taper Junction A Retrieval Study of 16 Cases. Th e Journal 
of arthroplasty 2008.
35. Jacobs JJ, Urban RM, Gilbert JL, Skipor AK, Black J, Jasty M, et al. 
Local and distant products from modularity. Clinical orthopaedics 
and related research 1995;319):94-105.
36. Chang BS, Brown PR, Sieber A, Valdevit A, Tateno K, Kostuik 
JP. Evaluation of the biological response of wear debris. Spine J 
2004;4(6 Suppl):239S-44S.
37. Rubio JC, Garcia-Alonso MC, Alonso C, Alobera MA, Clemente 
C, Munuera L, et al. Determination of metallic traces in kidneys, 
livers, lungs and spleens of rats with metallic implants aft er a long 
implantation time. Journal of materials science 2008;19(1):369-
75.
38.  Bolann BJ, Rahil-Khazen R, Henriksen H, Isrenn R, Ulvik RJ. 
Evaluation of   methods for trace-element determination with 
emphasis on their usability in the clinical routine laboratory. 
Scand J Clin Lab Invest 2007;67(4):353-66.
39. MacDonald SJ, Brodner W, Jacobs JJ. A consensus paper on 
metal ions in metal-on-metal hip arthroplasties. Th e Journal of 
arthroplasty 2004;19(8 Suppl 3):12-6.
40. Ducros V, Peoc’h M, Moulin C, Ruffi  eux D, Amosse J, Favier A, et 
al. Titanium identifi cation and measurement by ICP-MS and ICP-
OES in a human spleen fragment. Clin Chem 1996;42(11):1875-
7.
217v1
Chapter 10
Soft  tissue adaptation to modifi ed titanium 
surfaces 
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 Introduction
Soft  tissue dehiscence can occur when metal implants are used. 
Methods such as acid etching, plasma spraying, blasting and applying 
diff erent coatings have been extensively explored to modify titanium 
alloy surfaces in order to enhance bone integration against titanium 
alloy. 1-5 Less information, however, exists about soft  tissue adaptation 
to titanium surfaces. 6-11 
Abrahamsson et al 6 studied the mucosal attachment to titanium 
implants in vivo using two diff erent surfaces, smooth versus an acid 
etched surface. Th ey found that the mucosal attachment was similar 
for both surfaces and not infl uenced by the roughness of the titanium 
surface. In contrary, Kim et al 12 supported that roughened titanium 
surfaces are associated with stable connective tissue attachments and 
that acid etched surfaces may also be a signifi cant determinant of the 
connective tissue response in vivo. Oxidized and acid etched surfaces 
were also found to give rise to a longer connective tissue seal than 
machined implants at the periimplant regions 8, attributing to better 
adherence. Hence, it is still uncertain if roughened titanium surfaces 
using acid etching, contributes to enhancing soft  tissue adherence.
In our previous studies, a dual acid etched ‘Osseotite®’ titanium-6 
aluminum-4 vanadium (Ti-6Al-4V) modular endoprosthesis was 
inserted in the mandible of primates. Th e surgery performed has 
been described in detail, but it includes a two-layer closure, using the 
buccinator and mylohyoid muscle as well as the mucosa to close over 
the body of the endoprosthesis. It was found that there was a fairly 
thick fi brous capsule surrounding the ‘Osseotite®’ Ti-6Al-4V surface, 
even up to 6 months aft er insertion. 13,14 In fact, explorations of these 
sites revealed the soft  tissues to be easily peeled off  these surfaces, with 
no apparent soft  tissue adherence. As a result soft  tissue dehiscences 
were frequently seen. 
Bioactive glass was discovered by Hench in 1969 15,16 and found to have 
the ability to bind to bone 17-19 as well as in some cases to soft  tissues 15,20-
22. It is the ability of bioglass to react with physiologic fl uids and to form 
tenacious bonds through cellular activity that results in application for 
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biomedical implants. Despite its favorable biological characteristics, 
the use of bioglass as surface coating on medical implants is very 
restricted, as conventional coating methods present limitations such 
as reduced bioactivity of the bioglass and detachment of the coating 
due to diff erent expansion coeffi  cients between the bioglass coating 
and the underlying implant metal. Recently, the development of 
a radio frequency (RF) magnetron sputtering technique has been 
shown to be able to overcome these problems and to result in a strong 
adhesive, thin and homogenous coating. Simultaneous co-sputtering 
with hydroxyapatite (HA) ceramic was shown to improve the adhesive 
properties of the bioglass (BG) coating 23. In vitro also studies indicated 
that the combined composition of bioglass and calcium phosphate 
revealed high bioactivity. 24,25 
In view of the above, this study was designed to confi rm that our earlier 
observations were correct and that a dual acid etched ‘Osseotite®’ 
titanium surface indeed does not contribute to soft  tissue adherence 
in muscle. Th is study was also aimed to explore if a RF magnetron 
sputtered HA/BG coating can serve this purpose and does provide soft  
tissue adherence in mucosal tissue. 
 Materials and Methods
Implant materials
Bullets 
Bullet-sized implants, measuring 10mm in length and 3 mm in 
diameter were made of TiA6lV4 alloy. Th e surface topography of the 
implants was machined or acid etched (Osseotite®, manufactured by 
Biomet 3i, Florida, USA). Each bullet contained two holes to allow for 
soft  tissue ingrowth (Fig. 1).  
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Plates 
Titanium plates were made of Ti-6Al-4V and used to evaluate the 
mucosa adaptation. Th e plates had a length of 8mm, a width of 4mm 
and a thickness of 1mm. Th e surfaces were machined or grit-blasted 
with Al2O3 (60 mesh). Th e machined surfaces were left  as received, but 
all grit-blasted implants were provided with a RF magnetron sputtered 
HA/BG coating (Fig. 2). 
Fig.1. Ti6Al4V bullets with (A) machined surface (B) Osseotite® 
surface.
Fig. 2. Ti6Al4V plates with (A) 
machined surface (B) HA bioglass 
coated.
Coating deposition and characterization
HA/BG coatings were generated using a RF magnetron sputter 
deposition system (Edwards ESM100, Sussex, UK). Th e target 
materials for the coating deposition were hydroxyapatite granules (HA, 
particle size 0.5-1.0 mm, CAMCERAM®, CAM Implants B.V, Leiden, 
Netherlands) and melt-derived bioglass crushed particles (Bioglass 
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S53P4, particle size 30-315 μm, BonAlive®, Vivoxid Ltd, Turku, 
Finland). Th e HA/BG coatings were deposited at a discharge power of 
100W for each target and deposition time 20h. Aft er deposition, the 
coated specimens were subjected to an additional heat-treatment for 
2 h at 650°C.  
Th e thickness of the HA/BG coating as well as the roughness of the 
coated plates was measured using a Universal Surface Tester (UST, 
Innowep GmbH, Würzburg, Germany). Th e morphology of the 
coatings was characterized using Scanning Electron Microscopy (SEM, 
Jeol, SEM6310, Tokyo, Japan) equipped with an energy dispersive 
spectroscope to determine the composition of the sputtered coatings. 
X-ray diff raction (XRD) using a thin fi lm Philips X-ray diff ractometer 
(PW3710, Almelo, Th e Netherlands) was applied to characterize the 
phase composition of the deposited coating.
Animal model and implantation procedure
 
A total of 18 specifi c pathogen free young male adult Macaca 
fascicularis animals were used in this study. Animal ethics approval 
was obtained from the Institutional Animal Care and Use Committee 
(IACUC) of Singhealth Experimental Medicine Laboratory (SEMC), 
Singapore, certifi ed by the International Association for Assessment 
of Laboratory Animal Care. 
Fourteen animals underwent general anaesthesia for the placement of 
two bullets in each animal, i.e. one with a machined surface and the 
other with an Osseotite® surface. Aft er making a skin incision over the 
right lateral thigh, two pockets were created into the rectus femoris 
and vastus lateralis muscle belly by blunt dissection with a scissors, 
in which the bullets were inserted. Th e muscle layer was closed with 
4-0 Vicryl® sutures (Ethicon Inc., a Johnson and Johnson Company, 
Somerville, New Jersey, U.S.A.) and the skin incision closed with 
5/0 Polydioxane (PDS) sutures (Ethicon, Inc, Somerville, NY). Th e 
animals were sacrifi ced at 3 (n=7) and 6 (n=7) months interval. 
Four animals received plate implants, which were inserted into the 
submucosa of the oral cavity under general anaesthesia. A mucosa 
incision was made and two supraperiosteal pockets were created 
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on each side of the incision to insert the plates, i.e. in one pocket a 
machined surface was installed and in the other a bioglass coated 
plate. Each animal received in total 6 plates, i.e. two plates each were 
installed in the upper right and left  quadrant in the region of the upper 
canines, while an additional two plates were inserted in the third 
molar region of the lower left  quadrant. Postoperatively, each animal 
was returned to their cage and received 2mg/kg Rimadyl® for analgesia 
and 15mg/kg amoxicillin Betamox® (Norbook Pharmaceuticals World 
Wide, Ireland) s.c as antibiotics.  Th e animals had soft  monkey chow 
for two weeks and were sacrifi ced at 4 weeks.
 
Examination, histology and histomorphometric analysis
At the end of the various implantation times, each implant with its 
surrounding tissues was excised. Gross examination of the soft  tissue 
attachment around the implant was carried out by using a sharp blade 
to expose one end of the specimen. Th e specimen was then immersed 
in 10% formaldehyde, dehydrated by alcohol series and embedded in 
methylmetacrylate. Aft er polymerization, sectioning of the specimens 
was performed using a modifi ed diamond blade sawing microtome 
(Leica RM 2165, Wetzlar, Germany). Th e 10 micrometer thick sections 
were stained with methylene blue and basic fuchsin and examined 
with an Olympus Microscope Model CX 31 (Tokyo, Japan). 
Histomorphometric analysis was performed to quantify the soft  tissue 
response around the implants using a grading scale as adapted and 
modifi ed by Jansen et al (Table 1). Th e capsule quantity and quality as 
well as the interface quality were scored separately by two researchers. In 
case of diff erences, a discussion was carried out to reach a consensus. 
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Table 1. Soft  tissue Histologic Grading Scale 
Evaluation Response Score 
1-4 fi broblasts 4
5-9 fi broblasts 3
Capsule 10-30 fi broblasts 2
Quantitatively >30 fi broblasts 1
Not applicable 0
Capsule is fi brous, mature, not dense, 
resembling connective or fat tissue in 
the non-injured regions
4
Capsule tissue is fi brous but immature, 
showing fi broblasts and little collagen
3
Capsule 
Qualitatively
Capsule tissue granulous and dense, 
containing both fi broblasts and many 
infl ammatory cells
2
Capsule consists of masses of 
infl ammatory cells with little or no 
signs of connective tissue organization
1
Cannot be evaluated because of 
infection or other factors not 
necessarily related to the material
0
Fibroblasts contact the implant surface 
without the presence of macrophages 
or leucocytes
4
Scattered foci of macrophages and 
leucocytes are present
3
Interface 
Qualitatively
One layer of macrophages and 
leucocytes are present
2
Multiple layers of macrophages and 
leucocytes are present
1
Cannot be evaluated because of 
infection or other factors not 
necessarily related to the material
0
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Statistical analysis
Th e means and standard deviations were calculated and statistical 
diff erence (p<0.05) was determined using paired t-test. Statistical 
analysis was carried out using the soft ware SPSS version 11. 
 Results
HA/BG coating deposition and characterization
Th e thickness of the deposited HA/BG coating was 1.45 μm and the 
roughness (Ra) aft er coating deposition was 1.44-1.49, in comparison to 
Ra of the machined and Osseotite® surface of 0.48 and 0.63 respectively. 
Scanning electron micrographs showed an excellent coverage of the 
HA/BG coating, heat treatment indicated a molten appearance of the 
coating surface (Fig. 3) in comparison to the surfaces of the bullets 
(Fig. 4). Th e physicochemical analysis demonstrated that the heat-
treated coating consisted of a mixture of a crystalline apatite-like 
structure with refl ections at 002 and 211 resp. 25.9° and 31.9° 2-Th eta 
and a SiO2 refl ection at 33.0° 2-Th eta (Fig. 5). Also, due to the heat 
treatment a TiO2 refl ection at 27.4° 2-Th eta was visible (Fig. 5). Th e 
composition analysis of the HA/BG coating is presented in Table 2.
Fig. 3. SEM micrograph of magnetron sputtered HA bioglass coating 
heat treated for 2 hours at 650 ºC. (A) X500 (B) X1000.
(A) (B)
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Fig. 4. SEM micrograph of bullet surface for (A) Osseotite® and (B) 
Machined (Magnifi cation X3000).
(A) (B)
Fig. 5. Th e X-ray diff raction (XRD) patterns of RF magnetron 
sputtered and heat treated HA/BG coating.
Table 2. Composition of HA/BG coating
Weight % ± SD
Na2O 12.86 0.67
SiO2 56.48 1.28
P2O5 8.38 0.94
CaO 22.27 0.35
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Macroscopic examination
All implant sites healed uneventfully. Th ere were no wound dehiscence 
and signs of infections. On exploration of the specimen containing 
the bullet, the soft  tissue was found to detach easily from both metal 
surfaces. Th e soft  tissue adaptation around the plates, however, showed 
more adherence of the soft  tissue around the HA/BG plate than the 
one with a machined surface.    
Histology
Bullets
Th ere was a uniform tissue response in all specimens with no diff erence 
at the 3 and 6 months interval. In none of the histological sections, a 
direct contact between muscle tissue and bullet surface was observed. 
Always, a medium-thin fi brous capsule surrounded all implants with 
fi bers running parallel to the surface. Th ere were no infl ammatory 
cells seen in both groups (Fig. 6). An immature capsule consisting of 
fi broblasts with little organization was evident at the interface where 
the holes were present. 
Fig. 6. Histological sections of the fi brous capsule on (A) machined 
surface (B) Osseotite® surface showing a medium thin fi brous capsule for 
both surfaces Magnifi cation 40X.
(A) (B)
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Plates
Adjacent to the titanium plate with a machined surface, a thin to 
medium-thin fi brous capsule of mature fi brous tissue was evident, with 
fi bers running parallel to the implant surface. Th ere were generally 
few infl ammatory cells present throughout the fi brous capsule and 
if present, they were found scattered at the capsule-implant interface 
with a maximum thickness of maximally one layer of cells. Th e capsule 
could be easily discerned from the native subcutaneous tissue. 
Adjacent to the titanium plate with a HA/BG surface, a very thin 
fi brous capsule of mature fi brous tissue was evident with fi bers seen 
running parallel to the surface.  Th e capsule was generally free from 
infl ammatory cells and if present, they were seen only in scattered foci. 
Th e thin capsule was frequently diffi  cult to discern from the native 
tissue. At the capsule-implant tissue interface in several implants, 
direct capsule implant contact was observed (Fig. 7). Less separation 
at the tissue implant interface, as caused during histologic preparation, 
was seen for the HA/BG coated specimen compared to the machined 
surface.  
Fig. 7. Histological sections of the fi brous capsule on (A) machined 
surface (B) HA Bioglass surface showing a thinner fi brous capsule with 
direct capsule implant contact Magnifi cation 40X.
(A) (B)
Histomorphometric analysis
Th ere was no signifi cant diff erence existed in muscle tissue response 
between the machined bullets and bullets provided with an Osseotite® 
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surface. On the other hand, statistical analysis of the data of the 
subcutaneous plate implants revealed the presence of signifi cant 
diff erences with a signifi cantly thinner capsule quantity (p<0.0001), 
an increased capsule quality (p<0.0001) and interface quality score 
(p< 0.05) for the HA/BG coated specimen (Fig. 8)
Fig. 8. Histomorphometric analysis of capsule quantity, capsule 
quality and interface quality comparing machined surface to (A) 
Osseotite®  (B) Bioglass surfaces (* denotes p<0.05).
(A)
(B)
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 Discussion
An implant located in soft  tissue will always result in a response, 
which is a combination of the natural healing process of the wound 
and the host response to the implant. 26 Th e healing process comprises 
two phases, an infl ammatory phase followed by a repair phase. Th e 
infl ammatory phase is characterized by increased vascular permeability, 
which facilitates the migration of granulocytes and monocytes to the 
wound bed. Th eir function is to phagocytose injured tissue fragments 
and microorganism. For this reason, the monocytes diff erentiate into 
macrophages. At the end-stage of the infl ammatory phase, neovascular 
growth and the proliferation of fi broblasts are stimulated, which results 
in repair of the created defect. Th e presence of an implant, however, 
prevents a return to the original situation and provides a continuous 
infl ammatory stimulus, which results in a prolonged infl ammatory 
phase associated with an increased cellular activity. It is possible to 
achieve a chronic stage, in which the implant becomes surrounded 
by a fi brous capsule. Th e capsule does not adhere to the implant 
surface. It allows a certain degree of motion between the implant and 
the surrounding tissue. Th is mobility promotes the accumulation of 
infl ammatory cells in the interface capsule-implant. Sooner or later 
this process may result in clinical problems, which is especially true 
for implants or implant components that are completely surrounded 
by soft  tissue, like the body of a modular endoprosthesis. An implant, 
therefore, would be better anchored in the surrounding tissue, when 
an adhesive attachment of soft  tissue to the implant surface can be 
obtained. It can be imagined that under such a condition no chronic 
infl ammatory capsule will develop.
Several factors are considered of importance to establish an adhesive 
soft  tissue attachment, like chemical properties of the implant material, 
shape of the implants, and mechanical factors at the tissue-implant 
interface. It is currently not clear under what conditions soft  tissue, 
like muscle and connective tissue, will adhere to an implant surface. It 
was, therefore, decided to modify surface roughness as well as surface 
composition of the titanium alloy composed body component. Surface 
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roughness can have an eff ect on the transfer of mechanical stresses at 
the implant-tissue interface. Surface roughness can change the surface 
free energy of an implant surface as well, which is also recognized 
to have an eff ect on cellular attachment and growth. 27 Besides this 
physical surface property, the surface composition is an important 
factor. Etching procedures used to create surface roughness are known 
to change the surface composition of titanium implant by modifying 
the titanium oxide composition. Th e use of specifi cally composed 
coatings can improve the tissue reaction as well. 
Considering the above mentioned, the aim of this study was to confi rm 
if a dual acid etched ‘Osseotite®’ titanium surface can indeed induce a 
better tissue response in muscle as characterized by the absence of 
infl ammatory cells and a direct contact between muscle and implant 
surface as well as to explore if a HA/BG coated TiAl6V4 surface can 
evoke soft  tissue adherence in mucosa. 
It has to be noticed that both implant types, i.e. bullets and plates, 
were installed in diff erent locations. Th e bullet implants were inserted 
in highly mobile muscle tissue, while the plates were placed in a 
submucosal position close to the underlying jaw bone. Th is diff erence 
in implant location can have had an eff ect on the fi nal histological 
observations, as the bullet implants were exposed to more interfacial 
stress during the implantation period than the plates. Mechanical 
trauma produced by tissue movement can be responsible for an 
infl ammatory response. Such a traumatic response may be increased 
when there is a large discrepancy in mechanical properties between 
the implanted device and the surrounding tissue, as was the case for 
the bullet implants. In view of this, the reported fi ndings have to be 
interpreted with great care.
Th e histological evaluation of the bullet implants showed that, the 
acid etched Osseotite® surface did not enhance soft  tissue response 
in muscle, compared to the machined surface. Th is fi nding is in 
accordance with the studies of  Abrahamsson et al. 6 and Paldan et al 
9, who also found that the reaction of soft  tissues was not infl uenced 
by the roughness of a titanium. Factors considered of importance to 
promote the wound healing process around implants are pore size at 
the implant surface and the duration of implantation. 28 For example, 
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mesh designed titanium implants were shown to promote soft  tissue 
ingrowth in vivo associated with an enhanced ingrowth of blood vessels. 
29  Perhaps a diff erent confi guration of surface modifi cation is required 
for soft  tissue adherence compared with surface roughness that is 
able to support bony integration. 30 Kim et al. 12 reported that parallel 
microgrooved surfaces implanted in rats exhibited greater connective 
tissue attachment and thinner fi brous capsules than polished surfaces. 
A similar eff ect of the geometry of surface irregularities on fi broblast 
behavior was demonstrated in vitro. 31 Cochran et al 32 also showed in 
vitro that the orientation and proliferation of epithelial and connective 
tissue cells on titanium surfaces were infl uenced by the topography of 
the surface. 
Th e two holes incorporated in the design of the bullet, with the 
intention to allow for tissue ingrowth, certainly had no benefi cial eff ect. 
Even at 6 months, an immature capsule with fi broblasts showing little 
organization was evident in the holes. Th e rationale for inclusion of 
this kind of holes in medical devices is, therefore, questionable. 
Th e results obtained from this study suggest that a HA/BG coating 
on TiAl6V4 enhances soft  tissue adaptation, producing a thinner 
and more fi brous capsule, with a better interface, even at one month 
aft er insertion. Overall, a very limited infl ammatory reaction was 
seen for both titanium and HA/BG plate implants, which confi rm the 
biocompatibility of these materials when used in the body. Th e earlier 
adaptation and maturation of the soft  tissues seen using a HA/BG 
coated TiAl6V4, can be considered an advantage. Th is is especially 
the case in situations like oral reconstructions prior to radiotherapy, 
or external fi xation pins and dental implants, when optimal soft  tissue 
healing is required to prevent soft  tissue dehiscence. 
Th e attachment of soft  tissues to the surface of a biomaterial must be 
able to resist mechanical forces. Unfortunately, the current study did 
not allow the measurement of the adhesion strength of the muscle 
as well as submucosal tissues to the various titanium implants.  Th is 
can be considered as a limitation of the current study. Zhao et al 33 
have developed a small animal model and a custom-designed set-up, 
which allows the accurate tensile testing of soft -tissue attachment 
to implants. Th is may be an appropriate means to study soft  tissue 
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adhesive properties in future studies, including those to test HA/
BG coatings. Th e additional advantage of this model is that it allows 
the simultaneous screening of a wide variety of implant surface 
compositions and confi gurations 
 Conclusions
In conclusion, the current study design indicated that the deposited 
HA/BG coating on TiAl6V4 alloys facilitated soft  tissue (mucosa) 
adaptation at one month of implant installation. In contrast, an acid 
etched Osseotite® surface did not enhance muscular adaptation. 
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Summary
Th is thesis is based on the extrapolation of the knowledge of 
orthopaedic to maxillo-facial surgery. Th e feasibility of using a 
modular endoprosthesis to replace segments of the mandible was 
assessed in a monkey (Macaca fascicularis) model. Th e hypothesis 
is, that a modular endoprosthesis for mandibular reconstruction, 
using bone cement for fi xation, will be a functional replacement of 
the lost part of the mandible.  Two modular endoprosthesis designs 
were tested for replacement of the mandibular body as well as the 
mandibular condyle and ascending ramus. Th e study objectives were 
to assess:
• Th e feasibility of using a cemented modular endoprosthesis for 
mandibular body reconstruction
• Th e feasibility of using a cemented modular endoprosthesis for 
mandibular condyle and ascending ramus reconstruction
• Peri-implant bone remodelling in the areas where the stems are 
inserted, of a cemented modular endoprosthesis for mandibular 
condyle and ascending ramus reconstruction.
• Temporomandibular joint tissue changes following 
reconstruction of the mandibular condyle and ascending ramus 
with a modular endoprosthesis
• Peri-implant and systemic release of metallic elements following 
insertion of a cemented mandibular modular endoprosthesis 
• Soft  tissue adaptation to modifi ed titanium surfaces
 
Chapter 1 is an introduction to the thesis. It presents the current 
methods for mandibular reconstruction and their limitations. 
Th ese are compared to the diff erent methods of reconstruction in 
orthopedics including the use of metal endoprostheses for skeletal 
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reconstruction aft er segmental bone resection. Th e chapter introduces 
the advantages of a modular system and the evolvement of a modular 
endoprosthesis in the orthopedic literature, over two generations. 
Th e rationale of adopting this orthopedic method of reconstruction 
in maxillofacial surgery is presented.
Chapter 2 reviews the techniques of mandibular reconstruction 
that developed over the years and discusses the strengths and 
weaknesses of each.  Mandibular defects may result from trauma, 
infl ammatory disease and benign or malignant tumours. Mastication, 
speech and facial aesthetics are oft en severely compromised without 
reconstruction. Th e goal of mandibular reconstruction is to restore 
facial form and function, implying repair of mandibular continuity and 
muscle attachments. Th ere should also be room for implant insertion 
as to allow for rehabilitation of occlusion and articulation, whereas 
the function of the inferior alveolar nerve should be restored to assure 
adequate sensitivity of the lips. Mandibular reconstruction principles 
and techniques have evolved dramatically over the years. Refi nements 
in techniques continue to improve patient quality of life.
 
Chapter 3 describes the design of a fi rst modular endoprosthesis 
for use aft er segmental resection of the body of the mandible. Th e 
surgical technique of cementing a modular endoprosthesis in the 
mandible was presented. A pig model was used and found to be an 
unsuitable animal model due to its anatomical limitations. A trial 
using a monkey model with modular endoprostheses cemented into 
the medullary space was evaluated aft er 3 months of insertion. A 
modular endoprosthesis cemented into the mandible was found to 
have potential in reconstructive surgery of the mandible.
Chapter 4 presents the results of using a cemented modular 
endoprosthesis to replace a resected part of the mandible. Th e 
endoprostheses were fi xed with polymethacrylate (PMMA) cement 
into the medullar space of the stumps. Th e clinical, radiologic, micro 
computed tomographic and histologic evaluations were done aft er 3 
and 6 months including four Macaca fascicularis for each implantation 
time. It was concluded that the prosthesis served its purpose well in 
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that no loosening had occurred. Th ere were some loose screws noted, 
that had caused fi stulas in three animals. Th e stems of the modules 
were stably fi xed with the PMMA cement that was surrounded by a 
fi brous capsule with infl ammatory cells. Th is capsule was thinner in the 
6 months group and showed less infl ammatory infi ltrate as compared 
to the 3 months group, although this was not statistically signifi cant. 
An increase in woven bone was seen surrounding the modules 
aft er 6 months. Th e soft  tissues surrounding the module showed a 
considerable infl ammatory reaction at 3 months of implantation, 
which subsided over the 6 months period. Th e results presented 
are encouraging, but a longer period of follow-up will be necessary 
to assess its possible application in a clinical setting, whereas some 
drawbacks in the design need to be addressed.
Chapter 5 presents a clinical and radiographic study that aimed to 
evaluate the feasibility of replacing the condyle and ascending ramus 
with a novel, modular endoprosthesis in Macaca fascicularis. Eight 
male, adult monkeys (Macaca fascicularis) were used in this study. 
Th e right condyle and ascending ramus posterior to the lower second 
molar were resected. An endoprosthesis consisting of two modules 
was inserted to replace the resected segment and fi xed in place using 
polymethylmethacrylate bone cement (Palacos®). Four monkeys were 
sacrifi ced 3 months and another four at 6 months postoperatively. 
Th e operated side of the mandible was then harvested including 
the endoprosthesis and the stump of the mandible to which it was 
attached. Lateral mandibular radiographs were taken using standard 
settings immediately postoperatively and post-sacrifi ce. Two 
monkeys presented with a fi stula at the operated area one month 
postoperatively, but this resolved with a short course of antimicrobial 
treatment. At the time of sacrifi ce, no fi stulae, dehiscences or mobility 
of the endoprostheses was observed. Th ere was no signifi cant change 
in maximum mouth opening. At 3 months, a linear radiolucency was 
noted at cement-bone interface in the two monkeys which previously 
presented with fi stulae; whereas at 6 months, none of the four 
animals showed any radiolucency. Th e use of a cemented modular 
endoprosthesis for replacement of the condyle and ramus unit was 
feasible with minimal complications allowing normal mouth opening 
and occlusion.
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Chapter 6 presents the microcomputed tomographic and histologic 
evaluation of the peri-implant tissues of the modular endoprosthesis 
used to replace the condyle and ascending ramus in Macaca 
fascicularis, at the ramus and stem regions. Th e right condyle and 
ascending ramus were resected in eight adult monkeys and replaced 
by a modular endoprosthesis, fi xed with polymethylmethacrylate 
bone cement (Palacos®). Four monkeys were sacrifi ced at 3 months 
and another four at 6 months postoperatively. Microcomputed 
tomographic scanning was performed to analyse the bone volume (BV 
%) at the bone-cement interface. Histologic and histomorphometric 
assessments were done using a modifi ed hard and soft  tissue grading 
scale and by studying the bone contact (TBC %) at the interface. Th e 
combined (buccal, lingual and inferior) mean BV % of the six-month 
group was signifi cantly higher than the three-month group (P < 0.05). 
Th e six-month specimens showed a reduced infl ammatory response 
and more abundant bone formation around the stem.  Th e total soft  
tissue histologic score was signifi cantly higher in the six-month group 
(P < 0.05).  TBC % ranging from 15.4% to 85.2% was achieved in three 
specimens. In conclusion, there was satisfactory bone growth at the 
bone-cement interface at the stem region although direct bone contact 
with the cement was not achieved in all cases. Soft  tissue contact with 
the prosthetic ramus, in the form of a fi brous capsule, was present in 
some areas. At six months, there was minimal interfacial infl ammation 
in this monkey model. 
Chapter 7 presents a study that assessed whether the fi xation of a 
condyle – ascending ramus mandibular modular endoprosthesis, using 
bone cement, resulted in stress-related bone resorption in Macaca 
fascicularis. Th e right condyle and ascending ramus were resected 
in eight adult monkeys and replaced by a modular endoprosthesis, 
fi xed with polymethylmethacrylate bone cement (Palacos®). Four 
monkeys were sacrifi ced at 3 months and another four at 6 months 
postoperatively. Bone mineral density (BMD) was assessed using 
dual energy x-ray absortioptiometry (DEXA) in the region anterior 
to the stem and using microcomputed tomography (micro-CT) in 
the buccal, lingual and inferior regions adjacent to the stem. BMD 
of the 3 months specimens was higher than those at 6 months in the 
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buccal, lingual and inferior regions adjacent to the stem. BMD in the 
inferior region at 3 months was signifi cantly higher than at 6 months. 
Th ere was, however, no signifi cant diff erence in BMD in the region 
anterior to the stem, between the 3 months and 6 months specimens. 
In conclusion, a reduction in bone density around the stem of the 
endoprosthesis was observed between 3 months and 6 months aft er 
placement but it did not result in any adverse clinical events.
Chapter 8 presents a study that assessed, by using cone beam computed 
tomography and histology, whether the fi xation of a condyle – ascending 
ramus mandibular modular endoprosthesis resulted in a physiologic 
condylar replacement in Macaca fascicularis. Th e right condyle and 
ascending ramus were resected in eight adult monkeys and replaced 
by a modular endoprosthesis, fi xed with polymethylmethacrylate 
bone cement (Palacos®). Four monkeys were sacrifi ced at 3 months 
and another four at 6 months postoperatively. Th e reconstructed and 
contralateral temporomandibular joints (TMJs) were harvested en-
bloc and studied using cone beam computed tomography (CBCT) 
and descriptive histology. Heterotopic bone formation was quantifi ed 
using a modifi ed grading scale. Condyle cartilage thickness in the 
contralateral TMJ was measured using histomorphometric methods. 
Results were compared with those of unoperated control monkeys. 
Bone resorption in the glenoid fossa and pathologic changes in the 
articular disc were noted on the reconstructed side in most specimens. 
Nevertheless, CBCT, histology and condyle cartilage thickness 
measurements of the contralateral TMJ were not signifi cantly diff erent 
from the control specimens. In conclusion, replacement of the 
condyle and ascending ramus by a modular endoprosthesis in Macaca 
fascicularis resulted in adaptive remodelling of the glenoid fossa up to 
six months postoperatively. Long-term studies are required to further 
assess the potential of this mode of reconstruction.
Chapter 9 presents the fi ndings of release of metal elements from a 
Ti6Al4V modular endoprosthesis for mandibular reconstruction. Ten 
monkeys were included, seven of the animals had an endoprosthesis 
inserted and three served as controls. Mucosa, regional lymph 
nodes and distant organs, were assessed aft er the implant had been 
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in place for 12 months, using light (LM) and transmission electron 
microscopy (TEM) and inductively coupled plasma optical emission 
spectroscopy (ICP). Blood was also drawn from all animals for 
elemental analysis using ICP. Th e fi ndings were that LM and TEM 
evaluation showed no detectable metal particles in the mucosa 
surrounding the endoprosthesis, nor in the regional lymph nodes and 
distant organs. Blood analysis revealed that titanium and vanadium 
were detectable in comparable amounts in the test as well as in the 
control group. ICP showed that no titanium, vanadium or aluminum 
was detectable in the mucosa surrounding the endoprosthesis. No 
titanium and vanadium were found in the lymph nodes and distant 
organs using ICP. Only aluminum content was found to be higher 
in the right regional lymph nodes and all examined distant organs as 
compared to the control group However, only for the kidney and liver 
was this found to be statistically signifi cant. In conclusion, this study 
quantifi ed the release of only aluminum in lymph nodes and distant 
organs, when using a modular endoprosthesis made of Ti-6Al-4V for 
mandibular reconstruction.
Chapter 10 describes the results of surface modifi cation to titanium 
alloy surfaces to enhance soft  tissue adaptation. Th is study aimed 
to confi rm if a dual acid etched ‘Osseotite®’ titanium surface would 
contribute to better soft  tissue adherence in muscle and to explore if 
a bioglass coated Ti6Al4V surface, will enhance soft  tissue adherence, 
using an RF magnetron sputtering technique. Th e study was carried 
out in Macaca fascicularis animals with 14 Osseotite® coated Ti6Al4V 
bullets inserted intramuscularly and 12 bioglass coated Ti6Al4V plates 
inserted into the submucosa. Th ese were compared to the machined 
Ti6Al4V surfaces as controls. Th e results were that the Osseotite® 
surface did not enhance muscle adaptation and that the bioglass 
coating showed statistically signifi cant diff erences with a thinner 
capsule quantity, an increased capsule quality and interface quality 
score, suggesting enhancement in mucosa adaptation.
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Address to the aims
Th e results of this thesis seem to support the hypothesis that a 
modular endoprosthesis for mandibular reconstruction, using bone 
cement for fi xation, will be a functional replacement of the lost part of 
the mandible. Th is follows when addressing the original aims of the 
study:
• Th e use of a cemented modular endoprosthesis for mandibular 
body reconstructionin Macaca fascicularis is feasible but some 
drawbacks in the design of the prosthesis need to be addressed.
• Th e use of a cemented modular endoprosthesis for mandibular 
condyle and ascending ramus reconstruction in Macaca 
fascicularis is feasible with minimal complications.
• Peri-implant bone remodelling, in the areas where the stems 
are inserted, of a cemented modular endoprosthesis for 
reconstruction of the condyle and ascending ramus did not 
result in any adverse clinical events.
• Temporomandibular joint tissue changes, including glenoid 
fossa resorption and articular disc degeneration, were observed 
following reconstruction of the mandibular condyle and 
ascending ramus with a modular endoprosthesis.  
• Only aluminium was found to be released systemically following 
insertion of a cemented mandibular modular endoprosthesis. 
• Soft  tissue adaptation to the dual acid-etched titanium surfaces of 
the endoprosthesis was unsatisfactory. 
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 Conclusions
1. None of the presently available techniques of mandibular 
reconstruction are able to restore form and function consistently 
and completely. Th e search for better means of reconstruction 
should, therefore, continue.
2. A pig model is unsuitable for evaluation of an endoprosthesis 
placed into the medullary canal, due to anatomical limitations 
in its mandible. Th e technique of cementing a modular 
endoprosthesis in the mandible is feasible and the preliminary 
results encouraging.    
3. An increase in bone formation around the modular 
endoprosthesis used to replace the body of the mandible at 6 
months was evident compared to the 3 months group, although 
the soft  tissue response was not as favorable even at 6 months. A 
longer period of follow up with improvements in the design of the 
modular endoprosthesis device is required in primates.  
4. Th e use of a cemented modular endoprosthesis for replacement 
of the condyle and ramus resulted in few clinical complications. 
Normal mouth opening and occlusion were achieved. 
5. Th e use of a cemented modular endoprosthesis for replacement 
of the condyle and ramus resulted in satisfactory bone growth at 
the bone-cement interface at the stem region at 3 and 6 months 
although direct bone contact with the cement was not achieved in 
most cases. Soft  tissue contact to the prosthetic ramus, in the form 
of a fi brous capsule, was present in some areas. At six months, 
there was minimal interfacial infl ammation.          
6. A reduction in bone density around the stem of the endoprosthesis 
used to replace the condyle and ascending ramus was observed 
between 3 and 6 months but this did not result in any adverse 
clinical events.
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7. Replacement of the condyle and ascending ramus by a modular 
endoprosthesis in Macaca fascicularis resulted in adaptive 
remodelling of the glenoid fossa and pathologic changes in the 
articular disc up to 6 months postoperatively. Long-term studies 
are required to further assess the potential of this mode of 
reconstruction.
 
8. Th e release of only aluminum particles was quantifi ed in lymph 
nodes, liver, lung, kidney and spleen, when using a modular 
endoprosthesis made of Ti-6Al-4V for mandibular reconstruction. 
Th e signifi cance of this fi nding remains questionable, particularly 
since it concerns very small quantities. Th ere is still a need to 
improve on biomaterials as used for implant manufacturing in 
order to avoid metal release.
9. Bioglass coated on Ti-6Al-4V alloys is proven to enhance soft  
tissue (mucosa) adaptation, with maturity seen within one month 
of insertion. An acid etched Osseotite® surface, in contrary, does 
not enhance muscular adaptation.
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 Future Perspectives
 
Th e results of the thesis have shown that the use of a modular 
endoprosthesis for replacement of segmental defects in the mandible is 
promising, although several drawbacks in the design of the prosthesis 
are recognized and need to be addressed in future modifi cations of 
the device. Th e screws used for fi xation of the modules are a weakness 
in the system that resulted in loosening and subsequent infection 
in several animals. Th e lack of soft  tissue adaptation to the dual 
acid-etched titanium surface can potentially result in dehiscence 
and exposure of the prosthesis. It is also noted that the stem of the 
endoprosthesis was too large for the medullary space of the Macaca 
mandible. Aft er preparing the medullary space with a bur to allow 
insertion of the stem, oft en, little or no cancellous bone remains. 
Th e cement is thus mainly surrounded by cortical bone, which is less 
conducive for healing and retention of the cement. 
Following the work of this thesis, a second generation modular 
endoprosthesis for mandibular reconstruction is being developed. 
Th is will be an improvement of the current design, in that the modules 
will be held together by a lock-on connection instead of screws. To 
enhance soft  tissue adaptation, the titanium surface of the prosthesis 
will be coated with bioglass or cobalt chromium. Th e stem will be of 
smaller dimensions and, therefore, there will not be a need to prepare 
the medullary bone of the mandible with a bur and cancellous bone 
will be preserved. Th e feasibility of this new generation modular 
endoprosthesis for mandibular reconstruction will be studied, again, in 
a primate model. Hopefully, by addressing the problems encountered 
with the fi rst generation prosthesis, better and more consistent results 
will be achieved and this technique can then be introduced for clinical 
application.
Th e objective is to introduce a system that is simple to use and does 
not require specialized training, so that the technique may be easily 
employed by any oral & maxillofacial surgeon who has patients 
requiring jaw reconstruction. Th e system should be available as an 
“off -the-shelf” product which eliminates the need for customization, 
thereby reducing cost and production time. Th e modular design will 
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allow minimal preoperative planning and intra-operative fl exibility.
Th e metal modular endoprosthesis has a potential in reconstructive 
surgery of the mandible, especially for the older and medically 
compromised patient who is unsuitable for long and complicated 
microvascular surgery. Advantages to the patient include reduced 
operation time, no donor site morbidity, which translates to shorter 
hospital stay and reduced medical costs and earlier functional and 
aesthetic rehabilitation of the occlusion. With these benefi ts, we hope 
that the quality of life of our patients will be improved. 
We have identifi ed several areas for future research. Surface 
modifi cation of titanium implants to enhance tissue attachment has 
been intensively studied in recent years. Various biomaterials that 
mimic the organic and/or inorganic components of living tissue have 
been tested for suitability to be used as a coating on implants. Calcium 
phosphate, bioactive ceramics and collagen type-I have been shown 
to improve tissue adaptation to the implant surface. More recently, 
enzymes such as alkaline phosphatase, known to be important in 
the bone mineralization pathway, have been shown to stimulate 
osteogenesis when coated on titanium surfaces. Th e possibility of 
applying such biomedical coatings to the modular endoprosthesis to 
improve both soft  tissue and bone attachment needs further study. 
Another area that deserves further research is the use of alternative 
bone cements. Acrylic cement is neither degradable nor bioactive. 
Currently, a wide range of bone cements are commercially 
available, each supposedly addressing one or more drawbacks of 
the conventional PMMA cement. Bioactive cements, for example, 
contain components such as hydroxyapatite or bioglass to enhance 
bone attachment at the interface. Bioresorbable cements, on the other 
hand, degrade progressively allowing gradual replacement by bone 
ingrowth. Research on the biochemical and biomechanical properties 
as well as the clinical performance of these newer cements, however, 
is very limited and should be looked at more closely.
Biomechanics of the modular endoprosthesis fi xed within the 
mandible need careful evaluation. As mentioned before, the stresses 
and strains present in the mandible during function are very diff erent 
from those in long bones. Finite element analyses of the reconstruction 
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are essential to assess the stress and strain distributions under various 
loading conditions. Titanium alloy, Ti6Al4V, is the most commonly 
used material for orthopedic prostheses due to its biocompatibility, 
high mechanical strength and relatively low modulus of elasticity. Even 
so, it is still stiff er than bone and inevitably subjects the adjacent bone 
to some extent of stress-shielding. Th e search for an ideal biomaterial 
or composite biomaterial with high mechanical strength and yet has 
similar elastic modulus as bone should, therefore, continue.  
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Samenvatting, evaluatie van de doelstellingen, conclusies en 
toekomst perspectief
 Samenvatting
Dit onderzoek is gebaseerd op een extrapolatie van kennis op het 
gebied van modulaire protheses, zoals gebruikt in de orthopedische 
chirurgie. Het gaat hierbij om een toepassing van deze techniek voor 
het herstel van grote defecten van de onderkaak.  Hiervoor werden 
experimenten gedaan bij apen (Macaca fascicularis) De hypothese was 
dat een modulaire endoprothese ten behoeve van herstel van grote 
defecten in de onderkaak, waarbij bot cement wordt gebruikt om de 
prothese te bevestigen, kan leiden tot een functioneel herstel van het 
verloren deel van de onderkaak. Er werden twee typen endoprotheses 
getest, namelijk voor het horizontale deel van de onderkaak en voor 
de opstijgende tak alsmede het kaakkopje.
Het doel van het onderzoek was om te testen of:
• Een gecementeerde modulaire endoprothese een bruikbare 
methode is om een verloren gegaan deel van de horizontale tak 
van de onderkaak te vervangen.
• Een gecementeerde modulaire endoprothese een bruikbare 
methode is om de opstijgende tak, inclusief het kaakkopje, te 
vervangen.
• Er botombouw  optreedt in de regio’s waar de endoprotheses  is 
vast gecementeerd.
• Veranderingen zijn in het gebied van de fossa temporo-
mandibularis na belasting door een modulaire endoprothese.
• Er metaal partikels loslaten rond de endoprothese of zelfs worden 
aangetroff en in organen elders in het lichaam of in het bloed.
• Er enige weke delen adaptatie is rond gemodifi ceerde titanium 
oppervlakken.
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In hoofdstuk 1 wordt een kort overzicht gegeven van de vooruitgang 
geboekt in de reconstructie methoden voor de onderkaak, maar 
tevens worden de voor en nadelen van de verschillende methoden 
uitgelegd. Hetzelfde wordt gedaan voor de botreconstructies zoals die 
in de orthopedie gelden en golden. Er wordt langer stilgestaan bij de 
ontwikkeling van de endoprothese zoals gebruikt in de orthopedische 
chirurgie. Op basis van de technieken gebruikt in de Orthopedie 
wordt het idee gepresenteerd om deze vorm van reconstructie ook 
toepasbaar te maken voor de reconstructie van onderkaken. De 
mogelijke problemen en  uitdagingen die daar bij verwacht kunnen 
worden, zoals  los rakende protheses als gevolg van excessieve krachten 
die optreden bij het kauwen en bot adaptatie, vooral in het gebied van 
de fossa articularis, worden vermeld.
In hoofdstuk 2 wordt een uitgebreid overzicht gegeven van de evolutie 
van de technieken die gebruikt werden en worden in de kaakchirurgie 
om verloren delen van de onderkaak te herstellen. Het gaat hierbij 
om de defecten als gevolg van trauma, infecties en goedaardige of 
kwaadaardige tumoren. Het doel van zo’n reconstructie is om de 
vorm en functie zo goed mogelijk te herstellen, hetgeen impliceert 
herstel van de continuïteit van de kaak en de spieraanhechtingen. Er 
moet ook plaats zijn voor implantaten die de verloren gebitselementen 
vervangen, zodat de kauwfunctie wordt hersteld. De functie van de 
nervus alveolaris inferior dient bij voorkeur te worden hersteld om de 
sensibiliteit van de lip te waarborgen. Hoewel er enorme progressie is 
gemaakt op dit gebied, is er nog geen sprake van een ideale oplossing 
en gaan alle gebruikte methoden gepaard met een  meer of mindere 
mate van morbiditeit voor de patiënt.  
In hoofdstuk 3 wordt het eerste ontwerp van een modulaire prothese 
voor de horizontale tak van de onderkaak beschreven. In eerste instantie 
werd een varken gebruikt als proefdier, doch dat bleek ongeschikt 
als gevolg van grote verschillen in de anatomie in vergelijking met 
de mens.Een proefopzet waarbij apen werden gebruikt bleek wel een 
bruikbaar model op te leveren. Bij vier Macaca fascicularis werden vier 
modulaire protheses ingebracht en drie maanden vervolgd. Klinisch 
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bleken deze prothese goed te functioneren, terwijl er geen sprake was 
van loszittende delen.
De resultaten van een met polymethacrylaat (PMMA) cement 
bevestigde modulaire endoprothese, die een deel van de horizontale tak 
van de onderkaak vervangt, worden gepresenteerd in hoofdstuk 4. De 
bevestiging geschiedde door middel van een platte steell die past in een 
uitsparing gemaakt in de mergholte van de kaak.Iedere prothese had 
twee van zulke stelen die met cement werden vastgezet. De klinische, 
radiologische, micro-computer tomografi sche en histologische 
bevindingen worden weergegeven bij twee groepen apen . Ieder 
groep bevat vier apen die respectievelijk na 3 en 6 maanden werden 
opgeoff erd. Het bleek dat alle implantaten goed functioneerden en dat 
er geen losse fragmenten waren. Er waren wel enkele losse schroeven 
die in drie gevallen fi stels hadden veroorzaakt. De stelen waren stabiel 
gefi xeerd met PMMA cement, dat was omgeven door een dunne laag 
fi breus weefsel met ontstekingscellen. In de 6 maanden groep bleek 
het kapsel dunner terwijl het aantal ontstekingscellen ook minder was, 
hoewel dit niet statistisch relevant bleek te zijn. De modules bleken 
partieel te zijn overgroeid door bot.De weke delen die in contact waren 
met het metaal van de modules toonde forse onstekingsverschijnselen; 
in de 6 maanden groep minder dan in de 3 maanden groep. De 
conclusie is dat de resultaten bemoedigend zijn maar dat  het ontwerp 
dient te worden aangepast en een langere vervolgstudie noodzakelijk 
is alvorens het systeem kan worden toegepast in een klinische trial.
Het onderzoek in hoofdstuk 5 betreft  een experiment waarin de 
opstijgende tak van de onderkaak, inclusief het kaakkopje, werden 
vervangen door een modulaire endoprothese. Hiervoor werden 8 
Macaca fascicularis gebruikt. De endoprothese bestond uit twee 
modules die met een steel in de mergholte van de stomp van de 
onderkaak werden bevestigd met behulp van PMMA cement. Vier 
apen werden na 3 maanden opgeoff erd en vier na 6 maanden. De 
geopereerde kant van de onderkaak werd uitgenomen, inclusief het 
deel waarin de module was bevestigd. Klinisch bleek dat de protheses 
uitstekend hadden gefunctioneerd. Er waren geen dislocaties 
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opgetreden en de maximum mondopening bleek niet te zijn veranderd. 
In de drie maanden groep bleek  bij twee dieren radiologisch een 
vergrote opheldering zichtbaar ter plaatse van de bot-cement grens. 
In beide dieren werden fi stels gezien die verdwenen na een antibiotica 
kuur. De indruk werd bevestigd dat de protheses geen belemmeringen 
in de kauwfunctie hadden bewerkstelligt.
In hoofdstuk 6 worden de micro computer tomografi sche en 
histologische resultaten van het in hoofdstuk 5 beschreven experiment 
gepresenteerd. De “microcomputed” tomografi sche analyse  was 
gericht op het bot volume (BV%) ter hoogte van het grensvlak van 
bot en cement. De gemiddelde BV% was signifi cant groter in de 6 
maanden groep (P<0,05). Voor het histologisch en histomorfometrisch 
onderzoek werd een gemodifi ceerde gradering schaal gebruikt voor 
hard en zacht weefsel, terwijl het bot contact op het grensvlak werd 
gemeten (TBC%). Na 6 maanden bleek de ontstekingsrespons veel 
minder te zijn, vergeleken met de 3 maanden groep, terwijl er meer 
bot nieuwvorming was rond de steel. De totale weke delen score was 
signifi cant beter in de 6 maanden groep (P<0,05). De TBC% varieerde 
van 15,4%   tot 85,2% in drie specimen.
De studie in hoofdstuk 7 houdt zich bezig met de het meten van 
de “bone mineral density” in het gebied van de bevestiging van 
de module aan de stomp van de onderkaak. Voor dit doel werden 
dezelfde Macaca fascicularis gebruikt als in hoofdstukken 5 en 6  De 
“bone mineral density”werd gemeten met behulp van radiografi sche 
“absortioptiometry” (DEXA) in de regio voor de steel en met 
behulp van  “microcomputed” tomografi e in de buccale, linguale en 
onderste regio’s ter plaatse van de steel.De BMD bleek groter in de 
3 maanden groep in de buccale, linguale en onderste  regio rond de 
steel, vergeleken met de 6 maanden groep. Dit leek signifi cant te zijn 
voor de onderste regio. Er bestonden geen verschillen tussen de 3 en 
6 maanden groep wat betreft  BMD in het gebied voor de steel. De 
conclusie is dat  er enige reductie was van de BMD in de 6 maanden 
groep vergeleken met de 3 maanden groep, maar dat leidde niet tot 
ongewenste klinische eff ecten.
257v1
In hoofdstuk 8 tenslotte werd de relatie condylus- fossa bestudeerd. 
Opnieuw werden dezelfde Macaca fascicularis gebruikt als in de drie 
voorgaande hoofdstukken. Voor dit doel werd een “cone beam computed 
tomography” gebruikt, aangevuld met histologisch onderzoek.De 
fossae articularis aan beide zijden werden “en block”uitgeprepareerd 
waarbij de fossa van de niet geopereerde zijde als controle diende. Aan 
de kant van de prothese werd de fossa vervolgens gescheiden van de 
prothese. Heterotrofi sche botapposities werden gekwantifi ceerd door 
gebruik te maken van een gemodifi ceerde gradering schaal. De dikte 
van het contralaterale kraakbeen van het kaakkopje werd gemeten 
met behulp van histomorfometrische methoden en vergeleken 
met een controle groep.Er waren geen verschillen aantoonbaar in 
vergelijking met die controle groep. Het bleek dat er bot resorptie 
was opgetreden in de fossa aan de kant van de prothese, inclusief 
pathologische veranderingen van de discus. Er bleken echter geen 
signifi cant verschillen te bestaan wat betreft  de uitkomsten van het 
CBCT en histologisch onderzoek tussen de geopereerde zijde en de 
controle kant. De conclusie luidt dat er adaptieve veranderingen zijn 
opgetreden in de fossa van de geopereerde zijde, vooral zichtbaar in 
de 6 maanden groep.Een vervolg studie met een langere looptijd is 
noodzakelijk om de implicaties daarvan te beoordelen.
In hoofdstuk 9 worden de bevindingen van een studie naar het lekken 
van metaal elementen uit de Ti6Al4V modulaire prothese gemeld. 
Hiervoor werden zeven apen gebruikt bij wie een endoprothese was 
geplaatst, terwijl drie apen als controle dienden. Bij alle apen was de 
prothese tenminste 12 maanden in situ geweest. De mucosa, regionale 
lymfk lieren en enkele organen zoals lever, nieren, longen en milt 
werden geïncludeerd in het onderzoek.
Voor het onderzoek werd licht (LM) en transmissie elektronen 
microscopie (TEM) gebruikt evenals “inductively coupled plasma 
optical emission spectroscopy” (ICP). Er werd bloed genomen van 
alle apen voor onderzoek op eventuele aanwezigheid van metaal 
sporen. LM en TEM toonde geen aantoonbare metaal partikels in de 
overliggende mucosa, regionale lymfk lieren en ook niet in de andere 
onderzochte organen. Het bloedonderzoek toonde dat vanadium 
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en titanium aanwezig waren maar in dezelfde hoeveelheden als in 
de controle groep. Titanium, vanadium noch aluminium werden 
gevonden in de mucosa met behulp van ICP en hetzelfde gold voor de 
regionale lymfk lieren en andere organen, behalve dat daar aluminium 
sporen werden gevonden. Dit bleek het geval voor alle regionale 
lymfk lieren aan de kant van het implantaat en  de andere organen in 
vergelijking met de controlegroep. Allen voor de nier en de lever bleek 
dit statistisch signifi cant te zijn. De conclusie was dat alleen aluminium 
bleek te lekken naar de lymfk lieren en andere organen, na het in situ 
zijn van een modulaire prothese voor tenminste 12 maanden. De 
hoeveelheden bleken zeer gering en de klinische betekenis ervan is 
nog onduidelijk.
Het onderzoek in hoofdstuk 10 richtte zich op veranderingen in 
de adaptatie van de weke delen als gevolg van veranderingen van 
het oppervlak van de gebruikte titanium legering. Het was vooral 
bedoeld om te onderzoeken of een “dual etched”, Osseotite®, titanium 
oppervlak een betere spier aanhechting zou geven dan het in het 
voorgaande experiment gebruikte oppervlak, terwijl ook een “coating” 
met “bioglass” werd onderzocht vooral met het oog op de aanhechting 
van de mucosa. Voor dit doel werd een “RF magnetron sputtering” 
techniek gebruikt. Voor dit experiment werden 18 Macaca fascicularis 
gebruikt waarin 14 Ossetite® gecoate Ti6Al4V kogeltjes intramusculair 
werden geïmplanteerd en 12 plaatjes van hetzelfde materiaal  die 
werden voorzien van een laagje “bioglass”. De oppervlakken die 
gecoat waren met“Osseotite®  verbeterden de spier aanhechting niet, 
maar de “coating” met “bioglass” liet een duidelijke verbetering van 
de aanhechting van de mucosa zien. Dit werd gesubstantiveerd door 
betere scores m.b.t kapsel dikte en kwaliteit en aanhechting van het 
fi breuze kapsel.
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Evaluatie van de doelstellingen
De resultaten van dit onderzoek lijken een bevestiging op te leveren van 
de onderzoek hypothese, dat een modulaire endoprothese geschikt is 
voor reconstructie van verloren delen van de onderkaak, mits enkele 
problemen worden opgelost met betrekking tot het ontwerp en de 
adaptatie van zowel spieren als mucosa. Deze conclusie kan worden 
getrokken als gevolg van een evaluatie van de doelstellingen.
• Een gecementeerde endoprothese in de onderkaak van Macaca 
fascicularis  bleek functioneel te zijn, maar enkele technische 
verbeteringen dienen te worden aangebracht, vooral ten aanzien 
van de schroef bevestigingen van de modules.
• Een modulaire endoprothese ter vervanging van de condylus en 
de opstijgende tak van de onderkaak in Macaca fascicularis  bleek 
ook goed te functioneren met geringe complicaties en matige 
adaptatie verschijnselen in de gewrichtskom.
• De botombouw in het gebied van de steel, in geval van een 
condylus-opstijgende tak prothese, bleek niet tot ongewenste 
klinische eff ecten te leiden.
• Er werden veranderingen gezien in de fossa articularis van de kant 
met de gewrichtsprothese.Het betrof resorptie van het bot van de 
gewrichtskom en degeneratie verschijnselen van de discus.
• Van de metalen aanwezig in de gebruikte legering werd alleen 
aluminium aangetroff en in lymfk lieren, lever en nieren. De 
hoeveelheden waren zeer gering en de klinische betekenis ervan 
nog onduidelijk.
• De weke delen adaptatie van de “dual etched titanium” 
oppervlakken bleek onvoldoende.
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Conclusies
Als gevolg van dit onderzoek kunnen de volgende conclusies worden 
geformuleerd.
1. Geen van de huidige technieken die gebruikt worden voor de 
reconstructie van verloren delen van de onderkaak voldoen aan 
de daaraan te stellen eisen. Onderzoek naar verbeteringen blijft  
daarom noodzakelijk.
2. Het varken model is niet geschikt om verder onderzoek uit 
te voeren met betrekking tot  het testen van een modulaire 
endoprothese. De anatomie van dit proefdier verschilt te veel van 
dat van de mens.
3. De toeneming van botgroei rond de regio’s van de steel van 
de endoprotheses in de 6 maanden groep vergeleken met de 3 
maanden groep was duidelijk. De weke delen adaptatie verbeterde 
echter niet gedurende deze periode.
4. De condylus-opstijgende tak endoprothese  bleek zeer goed te 
functioneren en gaf geen aanleiding tot ernstige complicaties. De 
mondopening van de proefdieren bleef normaal en de occlusie en 
articulatie ongestoord.
5. Het gebruik van een condylus-opstijgende tak prothese resulteerde 
in een botgroei ter plaatse van de bot-cement grens zowel in de 
3 en 6 maanden groep. Er was echter geen direct bot contact met 
het cement in alle gevallen.Er was ook sprake van een fi breus 
kapsel rond de prothese in sommige regio’s, terwijl het aantal 
ontstekingscellen in de 6 maanden groep minder was dan in de 3 
maanden groep.
6. Er werd een vermindering van de botdichtheid waargenomen 
in de regio van de steel in geval van een condylus-opstijgende 
tak prothese. Deze vermindering bleek echter niet te leiden tot 
ongewenste klinische eff ecten.
7. Vervanging van het kaakkopje en de opstijgende tak van de 
onderkaak in Macaca fascicularis, gaf aanleiding tot adaptieve 
veranderingen in de gewrichtskom. Een experiment met een 
langere volgtijd is noodzakelijk om te bezien of dit uiteindelijk 
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leidt tot onaanvaardbare destructie van de gewrichtskom. 
8. Het loslaten van aluminium partikels, hetgeen werd vastgesteld 
in de lymfk lieren, nieren en milt, behoeft  nadere aandacht en 
bevestigt de noodzaak om te zoeken naar weefselvriendelijke 
biomaterialen.
9. De “coating” met “bioglass” bleek een verbetering op te leveren 
ten aanzien van de adaptatie van de mucosa. dit in tegenstelling 
tot de Osseotite® “coating” die geen verbetering betekende voor 
de aanhechting van de spieren.
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Perspectieven voor de toekomst
De resultaten van deze uitgebreide studie tonen dat het gebruik van 
een modulaire prothese ter vervanging van verloren delen van de 
onderkaak een beloft e inhoud voor toepassing bij patiënten. Er zullen 
zeker nog verbeteringen in het ontwerp moeten worden aangebracht, 
terwijl ook veranderingen noodzakelijk zijn om de adaptatie van de 
weke delen te verbeteren. Vooral de schroeven, die gebruikt werden 
ter bevestiging van de modules, gaven aanleiding tot problemen als 
gevolg van los raken met ontsteking en fi stelvorming als resultaat. 
Dehiscentie van de overliggende mucosa trad op in sommige 
proefdieren, hetgeen onaanvaardbaar is in klinische omstandigheden, 
vooral met het oog op eventuele bestraling.
Het probleem met de weke delen adaptatie verdient dus de hoogste 
aandacht bij de verdere ontwikkeling van de methode. De spil 
gebruikt bij de experimenten op Macaca fascicularis bleek enigszins 
te groot te zijn voor de beschikbare mergholte. Het is belangrijk om in 
de toekomst modules te ontwerpen met spillen die enig spongieus bot 
overlaten, zodat de heling rond de spillen wat beter kan verlopen.
Inmiddels werd een tweede generatie modulaire endoprothese 
ontworpen waarin verschillende verbeteringen werden aangebracht, 
zoals een slotsysteem ter vervanging van de schroeven. Het titanium 
oppervlak zal worden voorzien van een “bioglass” coating of een 
chroom-cobalt laag. De stelen zullen ook kleiner worden uitgevoerd, 
waardoor er spongieus bot overblijft  in de mergholte, hetgeen de 
botgroei vermoedelijk zal bevorderen. Deze nieuwe generatie protheses 
zal opnieuw worden getest in een studie waarbij primaten zullen 
worden gebruikt. Het is waarschijnlijk dat door deze veranderingen 
betere en meer consistente resultaten worden verkregen.
Het is het doel om uiteindelijk een systeem te introduceren dat 
gemakkelijk kan worden gebruikt en geen specifi eke training vereist om 
te worden toegepast, zodat iedere kaakchirurg, die een mandibulaire 
reconstructie wil uitvoeren, dit tot zijn beschikking kan hebben. Het 
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moet beschikbaar komen als een ”of the shelves” product, hetgeen 
de noodzaak van een pasklaar gemaakt (“custom-made”) systeem 
elimineert, waardoor de kosten worden gedrukt en de productietijd 
verkort. Het modulaire systeem laat een maximale fl exibiliteit toe 
ten aanzien van de resectie, omdat er voor elk defect een bruikbare 
prothese kan worden samengesteld. Preoperatieve planning met 
betrekking van de reconstructie kan dus beperkt blijven tot het ter 
beschikking hebben van een voldoende groot assortiment modules.
Zo’n modulair systeem kan een stap vooruit beteken vooral voor de 
oudere, vaak medisch gecompromitteerde patiënt, die niet of minder 
geschikt is om een uitgebreide reconstructie te ondergaan met en 
microvasculair bottransplantaat. De voordelen voor de patiënt zijn o.a 
een verkorte operatietijd en geen morbiditeit als gevolg van het nemen 
van het transplantaat. Dit betekent een kortere hospitalisatie en dus 
minder kosten, terwijl er toch sprake kan zijn van een functionele en 
esthetisch aanvaardbare reconstructie.
Er zijn nog verschillende aspecten die nader onderzoek vergen. 
Hoewel oppervlakte veranderingen ter verbetering van weke 
delen adaptatie de laatste jaren veelvuldig getest zijn, zijn er nog 
verschillende toepassingen mogelijk. Calcium fosfaat, bioactieve 
keramiek en collageen type-I zijn mogelijke alternatieven, waarvan 
het nut reeds bewezen is. Een ander veel belovend alternatief is het 
enzym alkalische fosfatase, dat bekend is omdat het de bot vorming 
stimuleert als het gebruikt word als een “coating” op een titanium 
oppervlak De toepassing van het gebruik van dergelijke “coatings” op 
de modulaire prothese dient nader onderzocht te worden.
Een ander aspect dat verdere studie verdient is het gebruik van 
alternatieve botcementen. Het gebruikte methacrylaat cement is 
niet degradeerbaar noch bioactief.Er zijn momenteel verschillende 
bot cementen op de markt die allen claimen bepaalde voordelen te 
hebben boven het methacrylaat. Bioactieve cementen bijvoorbeeld, 
bevatten bioglass of hydroxyapatiet, die beiden de bot aanhechting 
kunnen verbeteren. Degradeerbare cementen hebben de eigenschap 
264
om langzaam uiteen te vallen, waardoor bot kan groeien in de lege 
ruimtes. Het onderzoek op dit gebied dient verder te worden uitgebreid 
om de toepasbaarheid op de lange termijn te kunnen bepalen.
De biomechanica van de modulaire endoprothese, bevestigd in de 
onderkaak, behoeft  ook nader onderzoek. De krachten en spanning 
die op de kaak inwerken tijdens kauwacties, zijn anders dan die in 
de lange botten elders in het lichaam. Eindige elementen analyses 
van de verschillende reconstructies zijn noodzakelijk om de  kracht 
en spanning verdeling in de kaak nader te bestuderen. De legering 
Ti6Al4V is het meest frequent gebruikte materiaal voor orthopedische 
protheses vanwege de biocompabiliteit, mechanische sterkte en 
relatief lage elasticiteit modulus. Desalniettemin is het meer rigide 
dan bot en  dus zal het uiteindelijk de belasting van het omgevende 
bot verminderen (stress shielding) en kan daardoor botresorptie 
veroorzaken. Het is daarom noodzakelijk om te blijven zoeken naar 
een weefselvriendelijk materiaal met een voldoende mechanische 
sterkte maar met dezelfde elasticiteitsmodulus als bot.
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